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Woody breast (WB) is a meat quality problem that has caused significant economic losses
for the poultry industry. Ross × Ross 708 chicks were randomly assigned to a 3 (diet) × 2 (cocci
challenge) × 2 (sex) factorial arrangement of treatments. The three diets included the control diet
(corn-soybean meal basal diet), antibiotic diet (basal diet + 6.075 mg bacitracin /kg feed), and
probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis PB6 /kg feed). Birds in the cocci
challenge treatment group received 20 × the live cocci vaccine as an inoculum on d 14. Growth
performance and WB score were measured to understand the effects of management factors (diet
and coccidiosis) on broiler growth and WB development. Results indicated that dietary bacitracin
and Eimeria spp. increased WB incidence, body weight, and growth rate. Bacillus subtilis
increased WB incidence in male broilers without affecting body weight and growth rate. The
association of the development of the internal organs and skeletal muscle with WB myopathy
incidence in broilers were evaluated. The digestion organs (proventriculus and gizzard) and the
skeletal muscles (drumsticks, thighs, and wings) developed at lower rates in birds with WB. In
addition, the effects of the dietary and challenge interventions on the gut microbiota diversity and
composition associated with WB in broilers were investigated. Results showed that cocci challenge

altered gut microbiota composition and various biosynthetic pathways. Maintaining a healthy gut
ecosystem is critical for the reduction of WB incidence in broilers. Gene expression related to
oxidative stress, gut barrier function, and inflammation in jejunal mucus was investigated. Results
showed that WB is related to decreased mucin expression (MUC6) in mucus, indicating a
correlation between WB incidence and a lessening of the secretion of gel-forming mucin. In
conclusion, dietary antibiotic and probiotic and challenge intervention strategies increased WB
incidence, and microbiota composition and gut health gene expression differed in broilers
exhibiting WB myopathy.
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CHAPTER I
INTRODUCTION
Poultry meat consumption has increased substantially in recent years due to its minimal
effects on the environmental and a healthy nutritional composition with low fat and high protein
(Parker and Neth, 2018). To meet a rising consumer demand and to enhance efficiency, broiler
chicken selection criteria have been for maximum growth and breast yield through genetic
selection, management methods, and nutrition (Zuidhof et al., 2014; Bodle et al., 2018). However,
studies have shown that genetic selection for increased breast yield in broilers has resulted in
muscle metabolic changes (Dransfield and Sosnicki, 1999; Velleman and Nestor, 2003). Woody
breast (WB) condition is a meat quality issue, found predominantly in fast-growing heavy broilers,
where the breast muscle is primarily affected by WB myopathy, which is characterized by
abnormal hardness and pale color (Sihvo et al., 2014). Meat affected by WB also has histological
and physicochemical abnormalities, which result in undesirable sensory and nutritional
characteristics (Petracci et al., 2015; Soglia et al., 2021). These unfavorable consequences and the
high frequency with which they occur can lead to significant financial losses (Kuttappan et al.,
2016; Petracci et al., 2019). Compared to normal breast meat, WB meat has a lower water-holding
capacity (Bowker and Zhuang, 2016). According to Soglia et al. (2016), the proportion and
mobility of the extra-myofibrillar water fraction increased in WB muscle, which reduces its ability
to store water. Although this quality issue does not pose a food safety risk, its unappealing
appearance and reduced nutritional quality (higher in fat and collagen, and with poor water-holding
1

capacity and texture) have a negative economic impact on poultry companies (Bowker and
Zhuang, 2016; Soglia et al., 2016), because WB is downgraded or even discarded in more severe
cases. Woody breast filets are perceived by consumers as chewy/rubbery, tough, crunchy, and
gristly (Gee, 2016; Solo, 2016).
Although the cause of WB myopathy is unknown or poorly understood, intensive genetic
selection for rapid growth and high breast yield in broilers contributes to the development of WB.
Several studies have shown that the occurrence of WB is related to heavier breast muscles and
hypoxia (Dalle Zotte et al., 2017; Papah et al., 2017; Baldi et al., 2021). Another factor that has
been consistently associated with WB incidence is heavier body weight and thicker fillets (Trocino
et al., 2015; Baltic et al., 2019). Proteomic profiles of WB and normal breast meat from 5 different
broiler strains were characterized, and the proteins that were found in abundance in WB were
related to oxidative stress, structural and transport protein abnormalities in which the 4 most
consistently present proteins (annexin A2, apolipoprotein A-1, cofilin-2, and heat shock protein
beat-1) were in greater abundance in WB meat (Zhang et al., 2021).
Numerous studies have focused on various dietary programs that can optimize nutrition
metabolism, minimize oxidative stress, and reduce inflammatory responses (Bodle et al., 2018;
Livingston et al., 2019; Butler et al., 2020). These findings suggest that nutritional interventions
such as increasing digestible arginine, incorporating vitamin C, or feeding a lower AA density diet
during the growth phase could contribute to a lower incidence of WB. In WB-affected broilers,
arginine enhanced vasculature in hypoxic situations (Bodle et al., 2018). Similarly, vitamin C
reduced oxidative stress by removing oxygen-derived free radicals (Bodle et al., 2018). Dietary
treatments are administered in the broiler gut, a functional organ that regulates nutrient absorption.
However, the results of controlling WB have been inconsistent, more research is required to
2

understand the link between nutrition, gut health and WB myopathy. In order to reduce the
incidence and severity of this breast muscle abnormality, characteristics of WB, the etiology and
mechanism of the factors that affect the development of WB, and the intervention strategies to
alleviate the WB condition will be further described in the literature review.

3

References
Baldi, G., F. Soglia, and M. Petracci. 2021. Spaghetti meat abnormality in broilers: current
understanding and future research directions. Front Physiol 12:684497. doi
10.3389/fphys.2021.684497
Baltic, M., A. Rajcic, M. Laudanovic, S. Nesic, T. Baltic, J. Ciric, and I. B. Lazic. 2019. Wooden
breast–a novel myopathy recognized in broiler chickens. Proc. IOP Conference Series: Earth
and Environmental Science.
Bodle, B. C., C. Alvarado, R. B. Shirley, Y. Mercier, and J. T. Lee. 2018. Evaluation of different
dietary alterations in their ability to mitigate the incidence and severity of woody breast and
white striping in commercial male broilers. Poult Sci 97:3298-3310. doi 10.3382/ps/pey166
Bowker, B., and H. Zhuang. 2016. Impact of white striping on functionality attributes of broiler
breast meat1. Poult Sci 95:1957-1965. doi 10.3382/ps/pew115
Butler, L. D., C. G. Scanes, S. J. Rochell, A. Mauromoustakos, J. V. Caldas, C. A. Keen, C. M.
Owens, and M. T. Kidd. 2020. Cobb MV × Cobb 700 broiler responses to eight varying levels
of amino acid density with emphasis on digestible lysine. J Appl Poult Res. doi
https://doi.org/10.1016/j.japr.2019.12.002
Dalle Zotte, A., G. Tasoniero, E. Puolanne, H. Remignon, M. Cecchinato, E. Catelli, and M.
Cullere. 2017. Effect of “wooden breast” appearance on poultry meat quality, histological
traits, and lesions characterization. Czech J Anim Sci 62:51-57.
Dransfield, E., and A. A. Sosnicki. 1999. Relationship between muscle growth and poultry meat
quality. Poult Sci 78:743-746. doi 10.1093/ps/78.5.743
Gee, K. 2016. Poultry’s tough new problem:‘Woody Breast’. Wall Street Journal. Sect. Business
and Tech 267:B1.
Kuttappan, V. A., B. M. Hargis, and C. M. Owens. 2016. White striping and woody breast
myopathies in the modern poultry industry: a review. Poult Sci 95:2724-2733. doi
10.3382/ps/pew216
Livingston, M. L., P. R. Ferket, J. Brake, and K. A. Livingston. 2019. Dietary amino acids under
hypoxic conditions exacerbates muscle myopathies including wooden breast and white
stripping. Poult Sci 98:1517-1527. doi 10.3382/ps/pey463
Papah, M. B., E. M. Brannick, C. J. Schmidt, and B. Abasht. 2017. Evidence and role of phlebitis
and lipid infiltration in the onset and pathogenesis of Wooden Breast Disease in modern broiler
chickens. Avian Pathol 46:623-643. doi 10.1080/03079457.2017.1339346
Parker, J., and J. Neth 2018. Chicken Consumption Survey: what consumers want.
www.wattagnet.com.https://www.wattagnet.com/events/1889-webinar-2018-chickenconsumption-survey-what-consumers-want. Accessed Jan 2018.
4

Petracci, M., S. Mudalal, F. Soglia, and C. Cavani. 2015. Meat quality in fast-growing broiler
chickens. Worlds Poult Sci J 71:363-374.
Petracci, M., F. Soglia, M. Madruga, L. Carvalho, E. Ida, and M. Estévez. 2019. Wooden-breast,
white striping, and spaghetti meat: causes, consequences and consumer perception of emerging
broiler meat abnormalities. Compr Rev Food Sci Food Saf 18:565-583. doi 10.1111/15414337.12431
Sihvo, H. K., K. Immonen, and E. Puolanne. 2014. Myodegeneration with fibrosis and
regeneration in the pectoralis major muscle of broilers. Vet Pathol 51:619-623. doi
10.1177/0300985813497488
Soglia, F., S. Mudalal, E. Babini, M. Di Nunzio, M. Mazzoni, F. Sirri, C. Cavani, and M. Petracci.
2016. Histology, composition, and quality traits of chicken Pectoralis major muscle affected
by wooden breast abnormality. Poult Sci 95:651-659. doi 10.3382/ps/pev353
Soglia, F., M. Petracci, R. Davoli, and M. Zappaterra. 2021. A critical review of the mechanisms
involved in the occurrence of growth-related abnormalities affecting broiler chicken breast
muscles. Poult Sci 100:101180. doi 10.1016/j.psj.2021.101180
Solo, J. 2016. Meat quality and sensory analysis of broiler breast fillets with woody breast muscle
myopathy. Master Thesis. University of Arkansas, Fayetteville.
Trocino, A., A. Piccirillo, M. Birolo, G. Radaelli, D. Bertotto, E. Filiou, M. Petracci, and G.
Xiccato. 2015. Effect of genotype, gender and feed restriction on growth, meat quality and the
occurrence of white striping and wooden breast in broiler chickens. Poult Sci 94:2996-3004.
doi 10.3382/ps/pev296
Velleman, S. G., and K. E. Nestor. 2003. Effect of selection for growth rate on myosin heavy chain
temporal and spatial localization during turkey breast muscle development. Poult Sci 82:13731377. doi 10.1093/ps/82.9.1373
Zhang, X., K. V. To, T. R. Jarvis, Y. L. Campbell, J. D. Hendrix, S. P. Suman, S. Li, D. S.
Antonelo, W. Zhai, J. Chen, H. Zhu, and M. W. Schilling. 2021. Broiler genetics influences
proteome profiles of normal and woody breast muscle. Poult Sci 100:100994. doi
10.1016/j.psj.2021.01.017
Zuidhof, M. J., B. L. Schneider, V. L. Carney, D. R. Korver, and F. E. Robinson. 2014. Growth,
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poult Sci 93:29702982. doi 10.3382/ps.2014-04291

5

CHAPTER II
REVIEW OF LITERATURE
Woody Breast Myopathy
Woody breast (WB) myopathy is one of the most challenging meat quality issues in the
modern global broiler industry (Caldas-Cueva and Owens, 2020). The WB defect is characterized
by palpatory hardness, as well as swollen and pallid parts (Pan et al., 2021). Severely affected
chicken breast fillets may be covered with clear, sticky fluid and possessed scattered petechiae
and/or hemorrhages (Sihvo et al., 2014). Woody breast myopathy occurs with morphological
abnormalities in affected broilers at as early as two weeks of age in the live broiler (Sihvo et al.,
2017). Muscle fiber degeneration, necrosis, lymphocytic vasculitis, lipidosis, muscle fiber
regeneration, and fibrosis or interstitial buildup of severely cross-linked connective tissue are
histological markers of the WB myopathy (Sihvo et al., 2014; Velleman and Clark, 2015; Sihvo et
al., 2017). As a result of these physical changes, WB meat contains higher fat, collagen, and
moisture contents, and contains less protein and ash than normal breast (NB) meat (Velleman and
Clark, 2015; Soglia et al., 2016; Wold et al., 2017; Cai et al., 2018). Furthermore, WB has resulted
in significant economic losses due to meat quality downgrades (Kuttappan et al., 2012; Petracci et
al., 2015; Trocino et al., 2015). Severely affected WB breast fillets have subsequent low processing
yields, lower water holding capacities, and textural alterations in comparison to normal breast meat
(Soglia et al., 2016). Because the breed, gender, growth rate, diet, and age or body weight of birds
at slaughter are positively related to the occurrence and severity of the WB myopathy (Sihvo et al.,
2014; Trocino et al., 2015; Kuttappan et al., 2017; Brothers et al., 2019; Petracci et al., 2019).
6

These factors should be considered when evaluating strategies to prevent WB myopathy in broiler
farms. A recent study established that the birds with WB show an age-dependent gene expression
pattern. The transcriptomic data demonstrates that twenty genes are associated with the
mechanistic and functional causes for WB development (Hubert et al., 2018). This study has
suggested that WB myopathy is a potentially complicated polygenic condition with molecular
similarities to neoplastic disorders (Hubert et al., 2018). The apparent increase in the frequency of
WB abnormalities is due to a combination of causal variables, including genetics, farm
environmental management, nutrition, and muscle growth and development (Lilburn et al., 2019).
Factors Affecting Occurrence of WB
Gender Effects
Trocino et al. (2015) discovered that the incidence of WB condition was affected by sex,
with males yielding higher incidence than females (16.3 % vs. 8.0%), which was correlated with
males growing faster with a heavier body mass than females (Trocino et al., 2015). Various
biological traits may make male broilers more prone to WB than female broilers. Brothers et al.
(2019) reported that 260 genes were differentially expressed in males and females at 3 weeks of
age, with males having a greater expression of genes that are involved in lipid metabolism,
oxidative stress response, anti-angiogenesis, and connective tissue proliferation (Brothers et al.,
2019). They concluded that the upregulation of genes associated in fat metabolism and deposition,
vascular lesions and anti-angiogenesis, and oxidative stress responses in males provides insight as
to why male broilers are more vulnerable to WB.
Age and Body Weight at Slaughter
High levels of occurrence and severity of WB have been reported in older broiler chickens
(Kuttappan et al., 2017). Birds with WB myopathy exhibit age-dependent gene expression patterns,
7

with molecular signatures and phenotypic markers becoming more evident in older birds that are
commonly slaughtered at eight or 9 weeks (Hubert et al., 2018). In addition, histological
evaluations revealed that the progression of myodegeneration associated with the development of
broiler WB myopathy is related to slaughter age (Papah et al., 2017; Radaelli et al., 2017; Sihvo
et al., 2017; Griffin et al., 2018). Consistently, another study shows that the prevalence of muscle
fiber degeneration increases with the age of the bird (Radaelli et al., 2017). Birds with WB have
a heavier live weight and higher breast muscle percentage (Norring et al., 2018). It has been
reported that the incidence and severity of WB condition increases with an increase in broiler
weight at slaughter (Cruz et al., 2017; Papah et al., 2017). However, the effect of body weight on
the occurrence of WB is still unclear because the controversial evidence has shown that broilers
with WB do not necessarily have higher body weights during the rearing period, particularly after
approximately 5 weeks of age (Kawasaki et al., 2018).
Mechanisms Involved In the Development of WB
Hypoxia
Hypoxia is one of the primary factors that can cause the onset or progression of
myodegeneration in broiler breast muscle, thus inducing WB development (Soglia et al., 2021).
Increased growth of muscle fibers fills areas previously occupied by connective tissue networks,
thus limits capillary space (Velleman and Clark, 2015). Inadequate vascularization limits waste
clearance efficiency of muscle, which result in an accumulation of metabolic waste products that
can cause oxidative stress and, ultimately, necrosis inside the muscle (Clark and Velleman, 2016).
Hypoxia promotes the accumulation of reactive oxygen species (ROS) in the muscle, which leads
to oxidative stress, which can contribute to the development of WB (Malila et al., 2019). Although
the identification of WB meat biomarkers using RNA-sequencing technology showed that the
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expression level of Hypoxia-inducible factor 1 alpha (HIF1A), a hypoxia biomarker, was not
differentially expressed between normal and woody breasts (Mutryn et al., 2015). However, the
genes regulated by HIF1A, such as muscle-specific carbonic anhydrase III and procollagen-lysine,
and 2-oxoglutarate 5-dioxygenase 2, were upregulated in WB muscles. Others reported an
increased absolute expression of HIF1A in WB samples when compared to NB samples (Malila et
al., 2019). Based on the results of a time-series evaluation of histological features of birds with
WB, the development of hypoxic conditions may occur as early as the first week of age, and that
the severity of the lesions caused by it gradually increases throughout the growth of broilers (Papah
et al., 2017).
Oxidative Stress
Oxidative stress is caused by the accumulation of ROS that is produced by metabolic
reactions that regulate antioxidant defenses in breast muscle. Biomarkers for oxidative stress have
been identified in WB samples at the protein and gene levels (Mutryn et al., 2015; Zambonelli et
al., 2016; Malila et al., 2019; Pampouille et al., 2019). Evidence of free radical compound exposure
has been observed at the molecular level in WB (Abasht et al., 2016). The accumulation of ROS
can activate stress response-related pathways and cause muscle tissue damage (Allen et al., 2008).
Furthermore, mitochondrial dysfunctions have been linked to an increased ROS content in the
tissue (Balaban et al., 2005), which may contribute to the development of WB in broilers.
Inflammatory Reaction
It was hypothesized that the early inflammatory reaction in the progression of myopathic
disorders affects broiler breast muscle development (Soglia et al., 2021). Histological research has
shown that myositis, which is described as inflammation surrounding and invading affected
myofibers, was seen from 2 weeks of age (15%) until slaughter age (7 weeks of age, 94%) in birds
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with WB muscles (Papah et al., 2017). Similarly, necrotic myocytes were infiltrated by histiocytes
and heterophils, which demonstrates the activation of an acute inflammatory response in WB
muscles (Chen et al., 2019). The upregulation of genes and proteins associated with the
inflammatory response and those involved in producing inflammatory cytokines and chemokines
also indicate that inflammation was involved in the development of WB (Papah et al., 2018;
Pampouille et al., 2019). Genes involved in response to chronic inflammation were differentially
expressed in the WB muscles of market age broilers when compared to broilers with normal
muscles (Mutryn et al., 2015; Zambonelli et al., 2016). The upregulation of zinc-dependent
proteases and corticotrophin-releasing hormone in myopathic muscles supports the occurrence of
chronic inflammatory events within the tissue and the activation of response mechanisms aimed
at counteracting those events (Mutryn et al., 2015; Zambonelli et al., 2016).
Finally, WB disorders affecting broiler breast muscle have a complex etiology, with
multiple biological pathways and response mechanisms involved in their development. Although
the primary cause of the WB has not yet been identified, former research highlighted the probable
primary involvement of rearing factors and health conditions. These findings led to the current
investigation to determine management and nutrition strategies that might be used to control the
incidence and severity of WB in broilers.
Intervention Strategies
Management and WB
Broiler gut health and growth performance are affected by intestinal pathogens. The
Eimeria species (Eimeria spp.) is one of the most significant pathogenic challenges for the poultry
industry. Eimeria spp. that commonly cause intestinal infections in broilers include E. acerivulina,
E. maxima, E. maxima MFP, E. mivati, and E. tenella. E. acerivulina targets the upper intestine
10

(duodenum) and causes streak-shape white lesions; E. maxima targets the middle intestine
(jejunum) and causes petechiae red lesions (Conway and McKenzie, 2007). Eimeria spp. invade
broiler gut epithelial cells and damages the GI tract, which decreases nutrient absorption and
causes inflammation (Adams et al., 1996; Kim et al., 2019). Furthermore, Eimeria spp. infection
are one of the predisposing factors of Clostridium perfringens infections, which are a major cause
of necrotic enteritis in broilers (Shojadoost et al., 2012). Eimeria spp. infections result in intestinal
integrity disorders and disrupt nutrient digestion and absorption. They also decrease gut barrier
function and promote bacterial infections (Chapman, 2014). It has also been shown that Eimeria
spp. infections induce inflammatory responses and accelerate oxidative stress (Sepp et al., 2012;
Griss et al., 2019), which are the main factors that cause WB in broilers (Mutryn et al., 2015;
Zambonelli et al., 2016; Malila et al., 2019; Pampouille et al., 2019). However, the mechanisms
involved with the influence of Eimeria spp. infections on WB development is still unknown.
Nutrition and WB
Nutritional strategies have been shown to have positive effects on reducing WB incidence.
Because WB incidence is known to relate to oxidative stress and hypoxia, research has been
conducted concerning the effects of feed additives or feed ingredients (amino acids) with
antioxidant properties on their abilities to reduce oxidative stress or increase blood circulation. In
one study, Bodle et al. (2018) reported that in comparison to a recommended digestible dietary
arginine to digestible lysine ration of 111%, a higher dietary digestible arginine to digestible lysine
ratio (120-125%) decreased the incidence of severe WB in high-yielding male broilers at 45 days
of age. It was believed that increasing arginine levels will benefit the production of nitric oxide
and would thus improve vasodilation (Bautista-Ortega and Ruiz-Feria, 2010). However, increased
arginine levels did not always reduce WB incidence. Livingston et al. (2019) reported that the
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addition of glutamine (1%) and arginine (0.25%) in broiler diets increased WB incidence in
association with an increase in body weight. This result indicates that body weight is still a key
factor in causing WB myopathy and the dietary strategies that increase body weight have the
potential to increase WB incidence. However, in the study conducted by Bodle et al. (2018),
supplemental dietary vitamin C was found to reduce severe WB in high-yielding male broilers
when compared to those fed on supplemented control diet. Vitamin C is a well-known antioxidant
and may reduce WB by the elimination of hypoxia and oxidative stress. No other studies have been
conducted to determine the potential influences of other dietary nutrients on WB incidence.
Antibiotics are antimicrobial substances that are used as feed additives to treat bacterial
infections. Antibiotics kill pathogen or inhibit the growth of bacteria, and thus promote the growth
performance of commercial broilers. Antibiotics that are used for growth performance are also
called antibiotic growth promoters (AGPs) in the farming industry (Costa et al., 2017). The use of
AGPs in agricultural animal production has been practiced in the United States and other countries
for approximately 50 years (Dibner and Richards, 2005). Application of AGPs has increased the
weight gain of broilers (Feighner and Dashkevicz, 1987). Their use may, therefore, increase the
probability of WB formation, because the severity of WB condition increases with increased
broiler weight. The long-term administration of AGP may cause changes in the gut microbiota by
eliminating susceptible bacteria and promoting the growth of antimicrobial-resistant bacteria
(O'Brien, 2002). The administration of antibiotic (chlortetracycline and salinomycin) dramatically
retards and eventually delays intestinal microbiota development when compared to the
administration of probiotic (Lactobacillus plantarum) (Gao et al., 2017). The development of
intestinal microbiota promotes gut health and leads to enhanced feed efficiency during the growth
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stage, and antibiotics may impede gut integrity. Furthermore, an imbalance in gut microbiota
population may potentially induce the development of WB (Zhang et al., 2021)
Probiotics are live microorganisms, which alter the host’s microflora, and are intended to
exert health benefits for host animals (Schrezenmeir and de Vrese, 2001). Probiotics are used as
an antibiotic alternative to promote broiler gut health by modulating gut microbiota, reducing
oxidative stress, and improving immune responses. These probiotic properties can also be expected
to alleviate the development of WB in broilers. Probiotics perform their functions through various
mechanisms or pathways, including competitive exclusion, the promotion of gut maturation and
integrity, regulation of the immune system, the prevention of inflammation, an improvement in
metabolism, an increasing in growth, and the provision of oxidative stability (Hossain et al., 2012).
In numerous studies, the benefits of feeding probiotics on modulating pathogenic and beneficial
microorganisms in the gastrointestinal tract (GI tract), probiotics have been shown to improve the
growth and performance in poultry, and mitigate oxidative and heat stress in challenged broilers
(Willis and Reid, 2008; Kim et al., 2012; Song et al., 2014; Abd El-Hack et al., 2020; Yan et al.,
2020; Zhao et al., 2020). Probiotics are primarily used to inhibit the growth of pathogen bacteria
in the GI tract (Li et al., 2021). Probiotics inhibited E. coli growth in the GI tract and increase the
population of beneficial bacteria in broilers. Unlike antibiotics, probiotics do not destroy the
integrity of beneficial bacteria. In contrast, they promote the growth and homeostasis of
commensal gut microbiota (Gao et al., 2017). Birds that were fed freeze-dried Lactobacillus
plantarum had a lower number of E. coli and a higher population of lactic acid bacteria in the
cecum (Peng et al., 2016). A 20g/kg dose of probiotic fermented from Citrus junos by-products
significantly reduced the population of E. coli in the ceca of broiler chickens (Ahmed et al., 2014).
Bacillus amyloliquefaciens KB3 decreased the composition of cecal E. coli while increasing the
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concentration of probiotics (Ahmed et al., 2014). Bacillus subtilis C-3102 supplementation also
significantly reduced E. coli counts in cecal and fecal contents, but did not affect the E. coli
population in the ileum or large intestine. In addition, it tended to inhibit the population of
Clostridium perfringens in the large intestine (P = 0.058). Increasing the supplementation of this
probiotic linearly decreased the counts of Salmonella in the cecum, ileum, large intestine, and feces
(Jeong and Kim, 2014). Broilers that were challenged with the probiotics E. coli K88 and
Enterococcus faecium on day 28 post hatch experienced significant reductions in the population
of E. coli and C. perfringens in their cecum (Cao et al., 2013). Bacillus subtilis B2A reduced
Salmonella populations in the large and small intestines of broilers (Park and Kim, 2014). When
chicks were inoculated with the probiotic, Enterococcus faecium, using in ovo injection and that
were then continuously fed the probiotic Enterococcus faecium in the diet, they experienced a
significant decrease in Salmonella enteritidis populations after being challenged with Salmonella
enteritidis (de Oliveira et al., 2014). Lactobacillus salivarius SMXD51 exerts anti-Campylobacter
activity in broilers and can mitigate the impact of Campylobacter on gut microbiota (Saint-Cyr et
al., 2017). In broilers fed probiotics such as Hodopseudomonas palustris, Bacillus subtitles,
Candida utilis, and Lactobacillus acidophilus, there was a significant increase in cecal Lactobacilli.
Lactococcus garvieae B301 supplementation increased the population of cecal lactic acid bacteria
and Bifidobacterium spp. in broilers while decreasing the counts of cecal coliforms (Zhang et al.,
2016). Probiotic supplementation (Bacillus licheniformis, Bacillus subtilis, and Lactobacillus
plantarum) increased the viable counts of small intestinal Lactobacillus and Bifidobacterium, and
decreased the viable count of coliforms in the small intestine (Song et al., 2014).
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Gut Health and WB
There are approximately 900 species of bacteria in 100 genera in the ceca of chickens
(Zhang et al., 2021). Gut microbiota is considered an organ because it performs specific functions
for the host, and the dysbiosis of gut microbiota can result in a variety of health problems
(Apajalahti et al., 2004). Although commensal bacteria do not function as effectively as probiotics,
the composition and amount of commensal bacteria are highly related to gut integrity, oxidative
stress, and immune function (Borda-Molina et al., 2018). In one study, Mwangi et al. (2010)
investigated the effect of bacteria on regional and global changes in T cell receptors using germfree and gnotobiotic chickens contaminated with Bacillus spp. . The findings revealed that in
gnotobiotic chickens, more significant differences in T cell receptors in the small intestine and
spleen occur than in germ-free chickens, which suggests that gut bacteria have a positive effect on
the immune system of chickens (Mwangi et al., 2010). Honjo et al. (1993) discovered that in the
cecal tonsils of germ-free chickens that poorly developed lymphoid follicles and fewer B and T
cells occur. It was also discovered that no IgG and IgA positive cells occur (Honjo et al., 1993).
In a review by Kamada et al. (2013), it was noted that phagocytic cells can secrete small amounts
of pro-inflammatory molecules, which modulate the innate immune response when stimulated by
commensal bacteria (Kamada et al., 2013). Kaspers et al. (2015) reported that IgA could not be
detected from germ-free chickens in the intestine or serum from day 0 to 28. In circulating levels
of IgA from conventional chickens, on the other hand, can be seen 7 days post-hatch. In the bursa
of Fabricius of germ-free chickens, the same conditions of B cell development occurred as did in
conventional chickens. However, B cells were not detectable on day 28 in the lamina propria, and
B cells from the cecal tonsils did not develop well (Kaspers et al., 2015). Butler et al. (2016)
investigated the expression of avian defensins (AvBDs) in broilers that were raised in high and
low hygiene conditions. Results indicated that the expression of AvBD1 in the duodenum was
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greater in birds raised in a low-hygiene environment (Butler et al., 2016). Furthermore, the cecal
microbiota profiles of birds reared on used litter differed significantly from those grown on fresh
litter (Volkova et al., 2009). The results indicate that changes in the environment and the
availability of bacteria can directly impact the intestinal bacteria of broilers. It has been
demonstrated that changes in microbiota composition occur in conjunction with chicken age,
nutrition, and breed (Salanitro et al., 1974; Apajalahti et al., 2001; Knarreborg et al., 2002).
Apajalahti et al. (2002) discovered that bacterial concentrations in the ileum and cecum of broiler
chicks reach 108 and 1010 colony forming units (CFU) per gram of digesta one-day post-hatch.
During the first three days post-hatch, the number of bacteria reaches 109 CFU per gram of ileal
digesta and 1011 CFU per gram of cecal digesta and remains steady for the next 30 days (Apajalahti
et al., 2002). Intestinal microflora promotes intestinal microbiota homeostasis, which provides a
healthy and balanced environment for the host gut, and thus provides protection against intestinal
illnesses, including Salmonella infection (Nurmi and Rantala, 1973; Goren et al., 1988).
Beneficial effects of intestinal organisms include vitamin generation, immune system
stimulation via nonpathogenic pathways, and suppression of the growth and establishment of
hazardous microbial groups (Jeurissen et al., 2002). As previously stated, nutrition can influence
the intestinal microbial profile, and changes in dietary composition can modify the microbial
community. Dietary composition and microbiota and their interaction can influence intestinal
development, mucosal architecture, and mucus composition (Apajalahti et al., 2004). The growth
of intestinal mucosa is aided by intestinal microbiota (McGuckin et al., 2011). There are three
ways by which mucin production stimulates intestinal microbiota (Caballero-Franco et al., 2007).
First, intestinal microbiota can increase the amount of mucin (the protein that makes up mucus) by
stimulating mucin production. Second, intestinal microbiota can promote goblet cell
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differentiation and thus increase mucin production. Third, intestinal microbiota fermentation
products, particularly butyrate and propionate, can boost mucin production. Thus, intestinal
microbiota has an essential role in maintaining the health of the mucus layer. Mucin proteins, on
the other hand, are carbon and nitrogen sources. Simultaneously, aging mucosa serve as carbon
and nitrogen sources for microorganisms. Some bacteria can degrade mucin in poultry ceca (Pan
and Yu, 2014). Degraded mucin is the primary source of energy and nutrition for bacteria in the
gut.
Overall, the host reacts differently to various intestinal bacteria populations. Most intestinal
microflora are commensal bacteria, and the fully developed commensal bacterial system provides
the host with various immune functions including the production of defensins and T cell receptors.
To summarize, bacteria in the gut can stimulate the host's immune response, and these immune
responses are designed to maintain host gut homeostasis. A report has demonstrated that gut
microbiota constituencies are related to the development of WB (Zhang et al., 2021). However,
the relationship between gut microbiota and WB is still poorly understood and should be further
investigated.
Conclusion
The incidence of the emerging WB myopathy is much greater in heavy birds that are
selected for rapid growth and large breast size in comparison to slow-growing birds. Many
researchers have investigated the triggering mechanisms and the histopathological and chemical
changes in abnormal meat. The GI tract is a multifunctional organ that is responsible for broiler
growth performance, nutrition digestion and absorption, immunity, and gut homeostasis. Therefore,
it is probable that WB incidence and severity may be alleviated by maintaining the gut health of
the chicken. In conclusion, considering the available knowledge and the existing research gaps
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pertaining to the WB myopathy, the focus of future investigations should be directed toward
unraveling the role of gut health in the etiology and development of WB and the alleviation of WB
in broilers by improving gut health.
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CHAPTER III
BACITRACIN, BACILLUS SUBTILIS, AND EIMERIA SPP. CHALLENGE EXACERBATES
WOODY BREAST INCIDENCE AND SEVERITY IN BROILERS
Abstract
Woody breast (WB) is a myopathy that is related to the increasing growth rate.
Understanding the influence of management factors on WB formation and development is
important to minimize WB. This study was conducted to define how management factors affect
broiler growth performance, processing yield, and WB incidence. Ross × Ross 708 chicks were
randomly assigned to a 3 (diet) × 2 (cocci challenge) × 2 (sex) factorial arrangement of treatments.
The 3 dietary treatments were: control diet (corn-soybean meal basal diet), antibiotic diet (basal
diet + 6.075 mg bacitracin /kg feed), and probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis
PB6/kg feed). Birds in cocci challenge treatments received 20 × live cocci vaccine on d 14. The
hardness of breast muscle in live birds was determined by palpation and grouped into Normal,
Slight, Moderate, and Severe categories. Across diet and sex treatments, the cocci challenge
resulted in decreases in body weight (BW) on d 29 and 35 (P < 0.0001 and = 0.032) in body weight
gain (BWG) from d 14 to 29 (P < 0.0001). However, an increase of BW occurred on d 35 (P =
0.032) and an increase of BWG occurred from d 29 to 35 and d 35 to 43 (P = 0.0001 and 0.002),
and the cocci challenge increased WB incidence on d 29 (P = 0.043) and d 43 (P = 0.013). Across
challenge and sex treatments, birds fed the antibiotic diet exhibited a higher growth rate (GR) than
those fed the control or probiotic diet from d 0 to 14 (P = 0.016), but not after d 14 (P > 0.05).
Across sex, the antibiotic and probiotic diets increased WB incidence for those birds that did not
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receive a cocci challenge on d 43 (P = 0.040). Across challenge and diet treatments, males
exhibited a higher BW, BWG, and GR throughout all growth phases, and males showed a higher
WB incidence on d 29, 35, and 43 (P = 0.002, P < 0.0001, and P = 0.0002, respectively). In
conclusion, bacitracin and Eimeria spp. increased WB incidence, BW, and GR. However, Bacillus
subtilis increased WB incidence in male broilers without affecting BW and GR.
Introduction
The broiler industry achieves high production efficiency and meat yield through genetic
selection, disease control, nutritional strategies, and environmental management. However, rapid
growth rate and increased meat yield of broilers are also associated with increased incidence of
abnormalities such as myodegeneration, lipidosis, fibrosis, and regenerative alterations in broiler
breast muscle (Tijare et al., 2016). These abnormalities result in myopathies such as white striping
and woody breast (WB). Woody breast is an abnormal meat condition in which the breast meat
exhibits hardness and pale color (Sihvo et al., 2014; Bowker et al., 2019). A 3-year study showed
that the incidence of moderate and severe WB was 25% to 35% among high breast yield broilers
(Mallmann, 2019). Severe WB meat is downgraded, which leads to a reduced market price and
greater than 200 million dollars in loss per year in the US (Kuttappan et al., 2016). In response to
the high incidence of WB, the broiler industry is exploring new nutritional and managerial
approaches to reduce or eliminate WB incidence without negatively affecting growth performance
and processing yield.
Although the etiology for WB is still unknown, the results of molecular biology studies
have shown that in comparison to normal chicken breast meat that changes in oxidative stress
responses, metabolic biosynthesis, and inflammation-related pathways contribute to WB muscle
(Mutryn et al., 2015; Abasht et al., 2016; Zambonelli et al., 2016). Research has primarily
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addressed different dietary programs that can regulate nutrition metabolism, reduce oxidative
stress, and attenuate inflammatory reactions (Olivo et al., 2001; Bodle et al., 2018; Livingston et
al., 2019; Butler et al., 2020). The effect of dietary treatments commonly occurs in the broiler gut,
which is a functional organ responsible for nutrient absorption. Dietary treatments such as subtherapeutic doses of antibiotics or probiotics have been used to improve broiler gut health and
prevent intestinal diseases (Lee et al., 2012; Wang et al., 2018).
Coccidiosis is an intestinal disease caused by Eimeria spp., which results in intestinal
integrity disorder and disrupts the digestion and absorption of nutrients, decreases gut barrier
function, and increases susceptibility to bacterial infections (Chapman, 2014). Infections due to
Eimeria spp. have also been shown to induce inflammatory responses and accelerate oxidative
stress (Sepp et al., 2012; Griss et al., 2019). Inflammation and oxidative stress are considered as
the main factors that cause myodegeneration, fibrosis, and lipidosis in WB muscle (Petracci et al.,
2019). However, the extent to which Eimeria spp. infection can affect WB development is still
unknown. Lesion scoring is a procedure used to evaluate coccidiosis. More specifically, the zone
of the intestine that is parasitized and the gross appearance of the lesion are two primary
characteristics that are used to differentially identify Eimeria infections (Conway and McKenzie,
2007).
Antibiotics are used to promote gut health in the poultry industry by controlling infectious
agents and regulating immune responses (Nayebpor et al., 2007; Giovagnoni et al., 2019).
However, dietary antibiotics decrease both pathogenic and commensal bacteria in the chicken’s
gut (Knarreborg et al., 2002). Furthermore, the metabolic activity of microflora and induced
oxidative stress alter the response to antibiotics (Reese et al., 2018). Polypeptide bacitracin is an
antibiotic used for growth promotion and prevention of infectious diseases in broiler farms and its
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growth promotion and gut modulation functions have been well studied (Brennan et al., 2003;
Crisol-Martinez et al., 2017; Diaz Carrasco et al., 2018). Probiotics are used as an antibiotic
alternative to promote broiler gut health by modulating gut microbiota, reducing oxidative stress,
and improving immune response (Karimi Torshizi et al., 2010; Cisek and Binek, 2014; Giannenas
et al., 2014; Zhang et al., 2016; Almeida Paz et al., 2019). Bacillus subtilis is a probiotic that
functions in gut microbiota modulation and oxidative stress reduction. However, its growth
promotion function has inconsistent results (Jayaraman et al., 2017; Wang et al., 2018; Musa et
al., 2019; Sokale et al., 2019; Whelan et al., 2019).
In this study, we hypothesize that Eimeria spp. challenge and antibiotic additives will
disrupt gut health and broiler growth performance, while probiotics will improve gut health.
Therefore, the objective is to study the effects of an Eimeria spp. challenge, along with the
antibiotic bacitracin and the probiotic Bacillus subtilis on the presence of intestinal lesions, growth
performance, and WB incidence for male and female broilers.
Materials and Methods
Facility and Rearing
This experiment was conducted on the Poultry Science Research Unit at Mississippi State
University. All procedures used were approved by the Institutional Animal Care and Use
Committee of Mississippi State University. One-day-old Ross 708 chicks were obtained from a
commercial hatchery. Chicks were vaccinated against Marek’s disease, Newcastle disease, and
Infectious Bronchitis at the hatchery, but not for coccidiosis. Blocks were designated by their
locations within an environmentally controlled house with 12 floor pens per block. Chicks were
feather-sexed upon arrival, and a total of 672 male and 672 female Ross × Ross 708 chicks were
randomly allotted to blocks with a total of 96 floor pens with 14 chicks per pen (0.086 m2/broiler).
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Pens were equipped with commercial tube feeders, nipple drinkers, and top-dressed with fresh pine
shavings. Wood boards with a height of 20 cm were placed between pens to avoid the crosscontamination of litter. Standard lighting programs were followed: 24 h of light from d 0 to 1, a
23L: 1D photoperiod from d 1 to 6, and a 20L: 4D photoperiod from d 7 to 44. The environmental
heating program followed the temperature recommendations for Ross broilers (Aviagen, 2018).
The starter, grower, and finisher diets were fed from d 0 to 14, 15 to 28, and 29 to 44, respectively;
feed and water were provided ad libitum throughout the trial. Feed, water, and house temperature
were monitored at 8 am and 4 pm every day. Mortality and the weights of dead birds were recorded
daily.
Diet and Formulation
Before formulating the diets, corn and soybean meal samples were analyzed for total and
digestible amino acid (AA) and apparent metabolic energy (AME) contents using a Foss NIR (near
infrared) system (XDS-XM-1100 series, Foss, Sweden) and a commercial database (Precise
Nutrition Evaluation, Adisseo, Alpharetta, GA). Basal diets were formulated using Concepts 5
Formulation (Educational Version 8.01.01, Creative Formulation Concepts LLC, Annapolis) and
made to meet the nutritional requirements for Ross 708 as-hatched broilers (Aviagen, 2019) (Table
1). The additional phytase additive was used to replace phosphorus by 0.1 % (Table 1). Antibiotic
diets were basal diets supplemented with 50 g/ton (or 0.025g/lb) bacitracin methylene disalicylate
(BMD), which is equivalent to 6.075 milligrams bacitracin/kg of finished feed. Probiotic diets
were basal diets that were supplemented with 2.2×108 CFU Bacillus subtilis PB6 (CLOSTAT®)
/kg of finished feed. Bacillus subtilis counts of finished feed were confirmed. No anticoccidial
additive was added to diets. The equivalent amount of sand was replaced by additives to ensure
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that the dietary nutrition remains unchanged. The diets were either crumbled (starter phase) or
pelleted (grower and finisher phases).
Experimental Treatments
A 3 (diet) × 2 (cocci challenge) × 2 (sex) factorial arrangement of treatments in a
randomized complete block design was used for this trial. The three diets were the control diet,
antibiotic diet, and probiotic diet. The birds were either challenged with 1 mL 20 × cocci vaccine
(COCCIVAC®-B52, containing E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E.
tenella) or the same amount of distilled water on d 14.
Intestine Lesion Scoring
One bird from each pen on d 28 and two birds from each pen on d 42 were euthanized
using CO2 and the small intestine was collected from each bird. Duodenum (Duo), jejunum (Jej),
and ileum (Ile) tissues were inspected for lesions (Conway and McKenzie, 2007). Red lesions
caused by E. maxima and white lesions caused by E. acerivulina in the Duo, Jej, and Ile were
observed and recorded. A lesion score of 0 indicated no gross lesion; a score of 1 indicated 1 to 4
petechiae on serosa/cm2; a score of 2 indicated 5 to 10 petechiae on serosa/cm2; and a score of 3
indicated 11or more petechiae on serosa/cm2.
Growth Performance
Body weight (BW) and feed weight were recorded on days 0, 14, 28, 35, and 42 on a pen
basis. Feed intake (FI) was adjusted by removing the feed consumption of dead birds. Body weight
gain (BWG), and mortality corrected feed conversion ratio (FCR) were determined. Growth rate
(GR) was calculated using the following equation:
𝐺𝑟𝑜𝑤𝑡ℎ 𝑅𝑎𝑡𝑒 (𝐺𝑅)% =

𝐵𝑊𝑒𝑛𝑑 − 𝐵𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100
𝐵𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙
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Woody Breast Palpation
Woody breast scoring in live birds was determined by hand palpation on d 28, 35, and 41.
The procedure was developed by Tijare et al. (2016). The scores consisted of 4 categories, with 0
indicating normal breast muscle; 1 indicating slight WB with small areas of hardness on the breast
muscle; 2 indicating moderate WB muscle in which half of the breast muscle was hard; and 3
indicating severe WB muscle with all of the breast muscle hard.
Processing
On d 44, 5 birds were randomly chosen for processing from each replicate pen. This
included 480 birds in total from 12 treatments, with 8 replicates/treatment, and with 5
birds/replicate. Sixteen hours before processing, feed and water were withdrawn from the birds.
Birds were randomly selected for processing and deboning at the Mississippi State University
Poultry Processing Facility. All birds were electrically stunned by manually placing the bird heads
in a saturated saline bath (11.5 volts, <0.5 mA AC-DC current for 3 s). The shackle line speed was
set at approximately 22 broilers per min. Unilateral neck cutting was manually performed
immediately after stunning, and bleeding lasted for 140 s. Upon completion of exsanguination, the
broilers were scalded at 53.3℃ for 191 s, picked for 35 sec using a rotary drum picker (BaaderJohnson, Kansas City, Kansas), and then mechanically eviscerated. Carcasses and fat pads were
weighed after processing. Carcasses were chilled in 4℃ water chilling tank for 4 h prior to manual
deboning. After deboning, boneless and skinless breast muscle was palpated and scored using the
same score system for WB scoring in live birds. Wing, drumstick, thigh, boneless and skinless
breast, and tender were weighed after deboning.
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Data Analysis
A randomized complete block design was used in this study. A three-way factorial
arrangement of treatments was used to test for the main effects of diet, cocci challenge, and sex,
as well as their interactive effects after d 14. Data collected before d 14 were analyzed using a twoway factorial arrangement of treatments (diet, sex, as well as their interaction effects, since the
cocci challenge was not imposed in that phase). Each of the 8 blocks in the housing facility served
as a unit of replication. Each pen in each block was randomly assigned one of the 12 treatments.
The categorical data of the intestinal lesion scores were analyzed using logistic regression , and
treatment proportions were generated and separated using LSMEANS procedure with the ILINK
option. The PROC GLM procedure (SAS Institute Inc., Cary, NC) was used to determine the main
and interactive treatment effects on growth performance, processing yield, and WB incidence, with
P ≤ 0.05 used to denote significant differences among treatments. Fisher’s protected least
significant difference test was conducted to separate treatment means when main effects or
interactive effects were significant. The correlation between WB and other measured variables
were analyzed using Spearman’s rank correlation test.
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Results
Lesion Score
In challenged birds across sex on d 28, the antibiotic diet resulted in a lower lesion
proportion for Duo white lesions as compared to birds fed the control diet (P = 0.0495) (Figure
1A). Furthermore, when averaged over sex and diet, the cocci challenge resulted in a greater Jej
red lesion proportion on samples collected on d 28 (P = 0.0003) (Figure 1B). In contrast, nonchallenged broilers exhibited a higher Jej red lesion proportion on samples collected on d 42 (P =
0.0369) (Figure 2).
Growth Performance
Mortality
Across challenge and diet treatments, female birds exhibited a higher mortality in
comparison to males from d 0 to 14 (P = 0.023) (Table 2). No other differences existed among
treatments after d 14 (P > 0.05) with respect to mortality.
Body Weight
There were no significant interaction effects between treatments on BW (Table 3). On d
29 and d 35, birds that were fed the antibiotic diet exhibited a higher BW as compared to birds that
were fed the control and probiotic diet (P = 0.004 and P = 0.003, respectively). On d 29 and d 35,
challenged birds exhibited a lower BW as compared to non-challenged birds (P < 0.0001 and P =
0.032, respectively). However, diet or challenge did not affect BW on d 43 (P = 0.052). Compared
to females, male birds exhibited a lower BW on d 14 (P = 0.009) but a higher BW from d 29 until
d 43 (For all P < 0.0001).
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Body Weight Gain
Similar to BW, there were no significant interaction effects between treatments for BWG
(for all P > 0.05; Table 3). The antibiotic diet significantly increased BWG from d 0 to 14 as
compared to the probiotic diet (P = 0.007), and from d 14 to 29 the antibiotic diet increased BWG
when compared to both the control and probiotic diets (P = 0.013). The cocci challenge decreased
BWG from d 14 to 29 (P < 0.0001) but increased BWG from d 29 to 35 (P = 0.0001) and d 35 to
43 (P = 0.002). Females exhibited a higher BWG than males from d 0 to 14 (P = 0.004), but males
exhibited a higher BWG than females after d 14 (for all P < 0.0001).
Feed Intake
Similar to BWG, there were no significant interactions between treatments for FI (Table
4). The antibiotic diet increased FI from d 0 to 14 as compared to the control and probiotic diets
(P = 0.003), and from d 14 to 29 the antibiotic diet increased FI when compared to the probiotic
diet (P = 0.045). The cocci challenge decreased FI from d 14 to 29 (P = 0.003), However, FI of
birds in the challenged group increased after d 29 (P = 0.001, P < 0.001, and P = 0.006,
respectively). Male birds always exhibited a higher FI than females after d 14 (for all P < 0.0001).
Feed Conversion Ratio
There were also no significant treatment interactions for FCR except for a challenge × sex
interaction (Table 5). The cocci challenge increased FCR from d 14 to 29 (P < 0.0001). Male birds
exhibited a higher FCR than females from d 0 to 14 (P = 0.004), but a lower FCR than females
from d 14 to 29 and d 35 to 43 (P = 0.003 and 0.0001, respectively). From d 29 to 35, the cocci
challenge decreased the FCR of female birds (P = 0.009) but did not affect the FCR of male birds
(P > 0.05).
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Growth Rate
Similar to BWG, there were no significant treatment interactions for GR. The cocci
challenge lowered GR (BWG/ initial BW) from d 14 to 29 (P < 0.0001) (Table 6). Antibiotic
supplementation improved GR as compared to probiotic supplementation only during the earlier
age period from days 0 to 14 (P = 0.016) but not after d 14 (P > 0.05).
Processing Yield
There were no interaction effects of diet, challenge, and sex on processing data (for all P >
0.05; Tables 7 and 8). There was no significant difference in the live weight of processed birds due
to diet or challenge (P = 0.091 and P = 0.155, respectively; Table 7). Furthermore, the effects of
dietary antibiotic and probiotic supplementation on processing weights were not significantly
different (for all P > 0.05). However, the cocci challenge increased carcass, wings, and breast
weights (P = 0.004, P = 0.015, and P = 0.012, respectively). Male birds always exhibited higher
processing weights as compared to female birds (for all P < 0.05). The effects of dietary antibiotic
and probiotic supplementation on relative processing weight were not significantly different (for
all P > 0.05; Table 8). The cocci challenge increased relative carcass weight (P = 0.001), but not
other relative processing weights (for all P > 0.05). Male birds exhibited higher breast and
drumsticks relative weight (P < 0.0001 and P = 0.013, respectively) and lower relative fat pad,
wings, and tender weights than female (for all P < 0.0001).
Woody Breast Incidence
A cumulative WB score of 0 + 1 indicates that breast quality is acceptable, and a cumulate
score of 2 + 3 indicates that breast quality is unacceptable (Tables 9 to 12). On d 29, male birds
exhibited a lower incidence of normal breast (score 0) (P = 0.001) but a higher incidence of WB
score 1 than females (P = 0.001 and 0.002, respectively, Table 9). The cocci challenge significantly
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increased incidence of WB score 2 and score 2 + 3, but decreased incidence of WB score 0 + 1
(for all P = 0.043). On d 35, cocci challenge decreased incidence of normal breast (P = 0.004) and
increased incidence of WB score 1 only on male birds (P = 0.041; Table 10). Male birds exhibited
a higher incidence of WB score 2 and score 2 + 3, but lower incidence of WB score 0 + 1 (for all
P < 0.0001). On d 43, non-challenged birds that were fed antibiotic and probiotic diets exhibited a
lower incidence of normal breasts compared with that were fed control diet (P = 0.040; Table 11).
Upon separating the means of all the treatment combinations (Table 12), it was observed that males
than those fed antibiotic and probiotic diets exhibited a lower incidence of normal breasts than
those fed the control diet (P < 0.05). In females, birds fed the antibiotic diet exhibited a lower
incidence of normal breasts as compared to those fed the control diet (P < 0.05). Birds fed antibiotic
and probiotic diets exhibited a higher incidence of WB that was scored 1 (P = 0.036; Table 11).
Male birds exhibited a lower incidence of WB score 0 and 0 + 1 breast (for all P < 0.0001), but a
higher incidence of WB score 2 and 2 + 3 (P = 0.0002 and P < 0.0001). The challenge resulted in
a lower incidence of WB scored 0 + 1 and an increased incidence of WB scored 2 + 3 (for all P =
0.013; Table 11).
Correlation between Woody Breast and Processing Yield
Spearman’s correlation coefficients between WB score and processing yield were
calculated. The relationship between WB score and breast muscle percentage was significant. The
positive correlation between WB score and breast muscle percentage was found in every treatment
group with the exception of challenged females fed the control or probiotic diet (P = 0.112 and P
= 0.343, respectively) and the non-challenged male birds fed the probiotic diet (P = 0.677). Woody
breast score was negatively associated with wings yield (relative weight) in non-challenged male
birds fed the control diet (P = 0.01), in non-challenged male and female birds fed an antibiotic diet
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(P = 0.001 and P = 0.003, respectively), and in all birds fed the probiotic diet with the exception
of non-challenged male birds (P = 0.003, P = 0.025, and P = 0.002, respectively). Woody breast
score was negatively associated with drumsticks yield (relative weight) in non-challenge male
birds fed the control diet (P = 0.01), in all birds fed the antibiotic (for all P < 0.05), and in
challenged male birds fed the probiotic diet (P = 0.005).
Discussion
Recent studies have reported that nutritional strategies such as the use of feed additives
could alleviate WB myopathy (Cruz et al., 2017; Bodle et al., 2018; Livingston et al., 2019).
However, male and female commercial broilers are subject to complex rearing factors including
diet management, diseases, and environmental conditions. However, the interactions between diet,
diseases, and sex on WB development are still unknown. Thus, it was hypothesized that broiler
diet (antibiotics and probiotics) and gut disease (coccidiosis) would affect the development of WB
in male and female broilers.
Cocci Challenge
Cocci-challenged birds exhibited increased numbers of cocci Duo white and Jej red lesions
on d 28 (Figure 1). Interestingly, birds in the cocci challenge group exhibited a 14 % higher level
of no-lesion cases as compared to non-challenge groups on d 42 (Figure 2). This result suggests
that the cocci challenge helped broilers to recover from the intestinal effects of coccidiosis
eventually. A possible explanation for this might be that the shedding of cocci oocysts in the
challenged group served as secondary antigens to evoke an immune response, thus protecting the
intestinal epithelium of birds infected by Eimeria spp. (Chapman and Rayavarapu, 2007; Fetterer
et al., 2015).
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The cocci challenge not only induced gut lesions and the recovery but also caused
inconsistent growth in broilers. A decline in BWG from d 14 to 29 (14-day post-infection was
observed, but an increase in BWG from d 29 to 35 and from d 35 to 43 (Table 3) was observed.
These results indicate that the cocci challenge positively affected growth performance during the
later phases of growth after 15 d post-challenge. Similar results were reported by Wang et al.
(2018), in which cocci challenge increased FCR from d 15 to 40, but didn’t further affect FCR
after d 41. Limited research has been conducted on compensatory growth during the recovery
phase after a cocci challenge. However, it is likely that recovery from the cocci infection and an
associated increase in immunity level may have contributed to improved growth performance.
Woody breast incidence is highly related to an accelerated growth rate (Kawasaki et al., 2018),
and the growth acceleration in the recovery phase after the cocci challenge in this trial may have
contributed to the development of WB.
This study confirms that the cocci challenge increased WB incidence from d 29 to 43
(Tables 9 to 12).The Eimeria spp. infection caused by a cocci challenge has an impact on multiple
health conditions in broilers including ceca microbiome diversity, nutrient digestion, amino acid
and sugar metabolism, and immune reaction (Hong et al., 2006; Su et al., 2014; Macdonald et al.,
2017; Miska and Fetterer, 2017). Primarily, E. acervulina infection affects the protein metabolism
of challenged birds and decreases methionine absorption (Sharma and Fernando, 1975; Ruff et al.,
1976). Broilers who suffer from Eimeria spp. infection may have intestinal lesions and an
exacerbated inflammatory response, which causes oxidative stress to the birds (Sepp et al., 2012).
Further studies are needed to determine the effects of a cocci challenge on other related variables
such as gut microbiota composition, stress-related gene expression, serum immunoglobulin levels,
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and nutrient metabolism-related enzyme activities to understand the possible factors which might
contribute to the development of WB.
Diet Factors
On d 43, in non-challenged groups across sex, birds fed the probiotic or antibiotic diets
exhibited a decreased incidence of normal breast quality (score 0) (Tables 11 and 12). This finding
was unexpected and suggests that Bacillus subtilis cannot alleviate WB in birds without a cocci
infection. The benefits of probiotics include modulation of the number of pathogenic and
beneficial microorganisms in the gastrointestinal tract. Subsequently, the growth and performance
of challenged broilers is improved without the exhibition of disease symptoms. The oxidative
status and stress response of these birds is likewise mitigated (Dalloul et al., 2003; Lee et al., 2010;
Hossain et al., 2012; Giannenas et al., 2014; Wang et al., 2018). In terms of growth performance,
the result of this study is contrary to previous findings that have suggested that probiotics promote
broiler growth. In the current study it was found that Bacillus subtilis did not affect growth
performance but increased WB incidence. What is surprising is that the WB condition was
expected to relate to an increase in growth performance. However, these results indicated that
Bacillus subtilis supplementation led to an increase in WB incidence without affecting BW, BWG,
and GR (Tables 3 and 6). Intestinal microbiota impacts the host in terms of its nutritional,
physiological, and immunological statuses (Diaz Carrasco et al., 2019). The probable reason might
be that the probiotic feed additive altered the gut microbiota, which changed the diversity or
composition of the gut microbiota, which led to changes in oxidative stress level or the metabolism
of nutrients, thus increasing the incidence of WB development (Zhang et al., 2021b). However,
more research is needed to determine the mechanism behind the administration of probiotics and
the development of WB. Studies would need to be carried out through market age (56 or 63 d of
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post hatch) to fully determine the impact of probiotic supplementation on WB incidence of
broilers.
We found that birds fed the antibiotic diet exhibited an increased growth rate during the
earlier age phase from d 0 to 14 (Table 6). Within the non-challenge group, birds fed the antibiotic
diet also exhibited a higher WB incidence as compared to birds fed the control diet (Tables 11 and
12). Sub-therapeutic levels of antibiotic growth promoters (AGPs) have a tremendous impact on
the growth of farm animals. The proposed mechanisms of AGPs’ growth-promoting function are
1) reducing microbial density in the gastrointestinal tract so that preserving nutrient availability
in the host 2) promoting a favorable gut microbial homeostasis 3) reducing the metabolism of
pathogenic bacteria, and 4) improving nutrient absorption via a thinner gut epithelium (Dibner and
Richards, 2005; Miles et al., 2006). In the current trial, the antibiotic diet increased BW, BWG,
GR and the antibiotic diet also increased incidence of WB. Rapid growth has been reported as the
main contributor to the production of WB. Therefore, the increased BW, BWG, GR or changed
microbial homeostasis in response to the antibiotic treatment may have contributed to WB
development.
Sex Factors
Male birds exhibited a higher BW, BWG, and GR throughout all the growth phases
examined and WB incidence was higher in males than in females (Tables 3 and 6). These results
are in agreement with recent studies, which indicated that male broilers exhibited a higher live
weight (3,492 vs. 2845 g) and a higher WB incidence (16.3 vs. 8.0 %) than female broilers (Trocino
et al., 2015). In this study, male broilers also exhibited higher processing yields (relative weight)
for breast muscle and drumsticks. Therefore, inadequate breast muscle vascularization is a
potential key factor in the occurrence of WB (Zambonelli et al., 2016). Furthermore, male broilers
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who rapidly accumulate breast muscle during growth are more likely to have inadequate
vascularization. Genotype, hormone, and behavior differences between male and female broilers
may also relate to their differences in WB development.
Processing Yield and Woody Breast
Woody breast score was positively related to breast muscle percentage (yield) 9 out of 12
treatment combinations (Table 13). These results are consistent with recent research in which it
was reported breast weight was positively related to WB incidence (Zhang et al., 2021a). Likewise,
in other studies it was found that larger and heavier breasts have a higher severity of WB lesions
(Cruz et al., 2017; Kuttappan et al., 2017; Radaelli et al., 2017). The relationship between breast
meat weight and WB score may be due to the fact that larger breast muscles may suffer more from
oxygen and nutrition shortage, which subsequently causes muscle necrosis (Hoving-Bolink et al.,
2000).
Negative correlations existed (P < 0.05) between WB score and wing drumstick yield
(percentage). This suggests that broilers exhibiting WB have less muscle development in wings
and legs, whereas the breast muscle is better developed due to its more rapid growth. A
hypothetical basis for this is that birds with WB may have impaired movement (Norring et al.,
2018), in association with weaker wing and drumstick function.
In conclusion, antibiotic additives and Eimeria spp. infection promoted the development
of WB in broilers via interruption of their growth rate. Probiotic supplementation increased the
WB incidence of male broilers without affecting their BW and GR. Results also confirm that
incidence of WB increases in percentage as the broiler gets older and that greater growth rate also
leads to greater incidence of WB.
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Tables
Table 3.1

Feed ingredients composition and nutrient contents of a control diet during starter
(d 0 to 14), grower (d 14 to 28), and finisher (d 28 to 44) feeding phases

Ingredients %
Yellow Corn1
Soybean Meal1
Soybean Oil
Dicalcium Phosphate
Limestone
Salt
Choline Chloride
L-Lysine HCl
DL-Methionine
Premix2
L-Threonine
Ronozyme3
Calculated composition
Crude Protein, %
Calcium, %
Available Phosphorous, %
M.E. (kcal/kg)
Digestible Lys, %
Digestible Met, %
Digestible TSAA, %
Digestible Thr, %
Choline (ppm)
Sodium, %
Potassium, %
Chloride, %

Starter

Grower

Finisher

d 0 to 14

d 14 to 28

d 28 to 44

61.19
31.12
2.65
1.72
1.61
0.33
0.01
0.48
0.43
0.25
0.20
0.02

67.29
24.81
3.20
1.49
1.51
0.33
0.01
0.49
0.40
0.25
0.19
0.02

72.76
18.76
3.90
1.81
1.10
0.33
0.02
0.50
0.37
0.25
0.18
0.02

19.69
0.96
0.38
2,998
1.28
0.72
0.95
0.86
771.15
0.16
0.79
0.20

17.33
0.87
0.34
3,100
1.15
0.66
0.87
0.77
725.79
0.16
0.69
0.20

15.03
0.78
0.39
3,120
1.02
0.61
0.80
0.68
680.40
0.16
0.60
0.20

Abbreviations: M.E., metabolizable energy; TSAA, total sulfur amino acid.
1

Nutrient composition was analyzed before formulating the diets.
Premix provided the following per kilogram of finished diet: retinyl acetate, 2.654 μg; cholecalciferol,
110 μg; DL-α-tocopherol acetate, 9.9 mg; menadione, 0.9 mg; vitamin B12, 0.01 mg; folic acid, 0.6 μg;
choline, 379 mg; D-pantothenic acid, 8.8 mg; riboflavin, 5.0 mg; niacin, 33 mg; thiamine, 1.0 mg; Dbiotin, 0.1 mg; pyridoxine, 0.9 mg; ethoxyquin, 28 mg; manganese, 55 mg; zinc, 50 mg; iron, 28 mg;
copper, 4 mg; iodine, 0.5 mg; selenium, 0.1 mg.
3
Ronozyme® (DSM Nutritional Products, Pendergrass, GA) is the phytase provided to replace 0.1% of
phosphorus.
2
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Table 3.2

Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on mortality (%) of male and
female broilers
Challenge2

Sex

Challenge
Non-challenge
SEM4
Male
Female
SEM5

d 0 to
14
0.223
0.893
0
0.2775

d 14 to
29
0.240
0.240
0.721
0.4340

d 29 to
35
0.260
0.521
0.781
0.4239

d 35 to
43
0
0.260
0.284
0.2239

d 0 to
43
0.670
1.786
1.563
0.5263

0.298
0.446
0.2266

0.160
0.641
0.2467

0.174
0.868
0.3461

0.174
0.189
0.1828

0.744
1.935
0.4297

0b
0.744a
0.2266

0.481
0.321
0.2467

0.694
0.347
0.3461

0.363
0
0.1828

1.339
1.339
0.4297

0.067
0.644
0.023
0.807
0.067
0.644
0.807

0.434
0.172
0.647
0.086
0.434
0.172
1.000

0.687
0.160
0.480
0.882
0.882
0.160
0.419

0.611
0.952
0.164
0.234
0.611
0.952
0.234

0.290
0.054
1.000
0.462
0.290
0.146
0.290

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex
a,b

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
1
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Table 3.3

Effects of dietary additive and cocci challenge on body weight (BW) and body weight gain (BWG) of male and female
broilers

Treatment

BW (g)
Challenge

Diet1
Control
Antibiotic
Probiotic
SEM3

Sex

2

Challenge
Non-challenge
SEM4
Male
Female
SEM5
P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

BWG (g)
d29 to
35
492
504
501
5.4

d35 to
431
778
773
759
14.3

947b
1,006a
6.1

512a
487b
4.4

796a
744b
11.7

1,026a
926b
6.1

544a
453b
4.4

854a
686b
11.7

d0
44.3
44.2
44.1
0.15

d14
381ab
389a
375b
3.3

d29
1,351b
1,383a
1,342b
9.0

d35
1,843b
1,888a
1,840b
10.8

d43
2,622
2,661
2,600
17.6

d0 to 14
337ab
345a
329b
3.3

d14 to 29
970b
995a
964b
7.5

44.3
44.1
0.13

384
378
2.7

1,332b
1,386a
7.4

1,843b
1,871a
8.8

2,640
2,616
14.4

341
333
2.7

44.3
44.0
0.13

376b
387a
2.7

1,405a
1,313b
7.4

1,947a
1,767b
8.8

2,801a
2,453b
14.4

331b
343a
2.7

0.591
0.456
0.085
0.954
0.161
0.330
0.554

0.013
0.075
0.009
0.727
0.167
0.107
0.768

0.004
<.0001
<.0001
0.657
0.321
0.068
0.841

0.003
0.032
<.0001
0.523
0.244
0.4
0.639

a,b

0.052
0.244
<.0001
0.906
0.573
0.716
0.696

0.007
0.053
0.004
0.695
0.21
0.08
0.634

0.013
<.0001
<.0001
0.748
0.208
0.087
0.863

0.270
0.0001
<.0001
0.717
0.839
0.095
0.325

0.617
0.002
<.0001
0.857
0.665
0.9
0.22

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal diet + 6.075 mg bacitracin /kg feed),
and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing E. acerivulina, E. maxima, E.
maxima MFP, E. mivati, and E. tenella) or gavaged the same amount of distilled water on d 14.
1
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Table 3.4
Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on feed intake (FI) of male and
female broilers
Challenge2

Sex

Challenge
Nonchallenge
SEM4
Male
Female
SEM5
P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

d0 to 14
459b
470a
453b
3.4

d14 to 29
1,629ab
1,657a
1,622b
10.3

d29 to 35 d35 to 43 d0 to 43
906
1,509
4,503
917
1,522
4,565
907
1,504
4,487
6.1
13.3
23.6

464

1,618b

922a

1,552a

4,557a

457
2.8

1,654a
8.4

897b
5.0

1,471b
10.9

4,480b
19.3

458
464
2.8

1,708a
1,564b
8.4

979a
840b
5.0

1,641a
1,382b
10.9

4,786a
4,250b
19.3

0.411
0.001
<.0001
0.482
0.369
0.8
0.483

0.625
<.0001
<.0001
0.313
0.685
0.581
0.725

0.052
0.006
<.0001
0.431
0.448
0.219
0.92

0.003
0.083
0.154
0.396
0.467
0.308
0.437

a,b

0.045
0.003
<.0001
0.641
0.376
0.055
0.706

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
1
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Table 3.5

Effects of dietary additive and cocci challenge on feed conversion ratio (FCR) of
male and female broilers

Diet1
Challenge2
Control
Antibiotic
Probiotic
SEM3

Sex

Challenge
Non-challenge
SEM4

Challenge
Challenge
Non-challenge
Non-challenge
SEM6
P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

d0 to 14
d14 to 29 d29 to 35 d35 to 43
1.350
1.655
1.850
1.903
1.349
1.656
1.824
1.941
1.362
1.654
1.820
1.957
0.0079
0.0101
0.0132
0.0189
1.350
1.358
0.0064

1.692a
1.618b
0.0082

1.805
1.857
0.0107

1.912
1.955
0.0154

Male
Female
SEM5

1.368a
1.340b
0.0064

1.637b
1.673a
0.0082

1.804
1.859
0.0107

1.890b
1.977a
0.0154

Male
Female
Male
Female

1.356
1.344
1.379
1.336
0.0091

1.670
1.715
1.604
1.632
0.0117

1.798b
1.813b
1.809b
1.906a
0.0152

1.871
1.953
1.909
2.001
0.0218

0.445
0.395
0.004
0.689
0.357
0.09
0.922

0.992
<.0001
0.003
0.717
0.24
0.467
0.089

0.235
0.001
0.001
0.838
0.878
0.009
0.179

0.116
0.053
0.0001
0.683
0.436
0.814
0.375

a,b

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
6
SEM=Standard error of mean for n=24
1
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Table 3.6
Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on growth rate (GR) of male and
female broilers
Challenge2

Sex

Challenge
Non-challenge
SEM4

Challenge
Challenge
Non-challenge
Non-challenge
SEM6

d0 to 14
760b
781a
748b
8.0

d14 to 29
d29 to 35
d35 to 43
255
36.41
42.21
257
36.50
40.88
259
37.41
41.22
2.7
0.436
0.834

770
756
6.5

247b
267a
2.2

38.39
35.15
0.356

43.14a
39.74b
0.681

Male
Female
SEM5

748b
778a
6.5

274a
240b
2.2

38.88
34.66
0.356

43.97a
38.91b
0.681

Male
Female
Male
Female

761
780
734
777
9.2

263
230
285
250
3.1

39.79a
36.99b
37.98b
32.32c
0.503

45.38
40.91
42.56
36.92
0.963

0.601
<.0001
<.0001
0.933
0.317
0.605
0.514

0.206
<.0001
<.0001
0.929
0.884
0.006
0.511

0.504
0.001
<.0001
0.773
0.580
0.547
0.152

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

0.016
0.116
0.001
0.787
0.502
0.195
0.49

a,b

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
6
SEM=Standard error of mean for n=24
1
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Table 3.7
Diet1

Effects of dietary additive and cocci challenge on processing weights (g) of male and female broilers at 44 days of age
Challenge2

Sex

Control
Antibiotic
Probiotic
SEM3
Challenge
Non-challenge
SEM4
Male
Female
SEM5

Live
Weight
2,676
2,730
2,692
17.8

Carcass

Fat pad

1,869
1,907
1,880
13.7

45.2
46.8
46.1
0.93

208.0
212.0
209.6
1.57

525.6
544.5
538.4
5.74

Drumsti
ck
243.0
246.0
242.8
1.82

2,714
2,685
14.6

1,908a
1,862b
11.2

46.7
45.34
0.757

212.1a
207.7b
1.29

544.5a
527.8b
4.69

2,890a
2,508b
14.6

2,021a
1,749b
11.2

47.4a
44.7b
0.76

222.2a
197.5b
1.29

583.4a
488.9b
4.69

Wings

Breast

Thigh

Tender

332.7
337.9
331.1
2.95

111.0
111.4
112.2
1.21

245.9
242.0
1.48

337.2
330.6
2.41

112.4
110.6
0.99

263.4a
224.5b
1.48

355.7a
312.1b
2.41

115.4a
107.6b
0.99

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

0.091
0.155
<.0001
0.579
0.760
0.240
0.880

0.129
0.004
<.0001
0.547
0.811
0.200
0.920

0.466
0.221
0.015
0.403
0.898
0.194
0.472

a,b

0.191
0.015
<.0001
0.832
0.316
0.173
0.439

0.060
0.012
<.0001
0.914
0.999
0.089
0.539

0.388
0.061
<.0001
0.702
0.515
0.415
0.265

0.237
0.052
<.0001
0.634
0.806
0.615
0.364

0.754
0.184
<.0001
0.901
0.318
0.114
0.530

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal diet + 6.075 mg bacitracin /kg feed),
and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing E. acerivulina, E. maxima, E.
maxima MFP, E. mivati, and E. tenella) or gavaged the same amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
1

4,5

SEM=Standard error of mean for n=48
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Table 3.8
Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on processing yields (%) of male and female broilers at 44 days of age
Challenge2

Sex

Challenge
Non-challenge
SEM4
Male
Female
SEM5

Carcass
69.86
69.82
69.80
0.229

Fat pad
1.69
1.72
1.71
0.031

Wing
11.16
11.16
11.19
0.061

Breast
28.03
28.46
28.56
0.173

Drumstick
13.02
12.93
12.94
0.072

Thigh
17.84
17.75
17.64
0.110

Tender
5.95
5.86
5.99
0.049

70.29a
69.36b
0.187

1.73
1.69
0.026

11.15
11.19
0.050

28.43
28.27
0.141

12.91
13.02
0.059

17.70
17.78
0.090

5.91
5.96
0.040

69.93
69.72
0.187

1.64b
1.78a
0.026

11.02b
11.32a
0.050

28.80a
27.89b
0.141

13.07a
12.86b
0.059

17.62
17.86
0.090

5.71b
6.15a
0.040

0.985
0.001
0.423
0.064
0.993
0.856
0.994

0.853
0.324
<.0001
0.240
0.853
0.069
0.349

0.591
0.180
0.013
0.916
0.308
0.666
0.234

0.455
0.564
0.064
0.299
0.927
0.419
0.305

0.130
0.412
<.0001
0.250
0.118
0.270
0.346

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex
a,b

0.935
0.581
<.0001
0.228
0.339
0.794
0.491

0.076
0.411
<.0001
0.763
0.723
0.270
0.051

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal diet + 6.075 mg bacitracin /kg feed),
and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing E. acerivulina, E. maxima, E.
maxima MFP, E. mivati, and E. tenella) or gavaged the same amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
1
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Table 3.9

Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on woody breast incidence of male
and female broilers at 29 days of age
Challenge2

Sex

Challenge
Non-challenge
SEM4
Male
Female
SEM5
P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

Score 0
89.51
86.93
89.25
1.455

Score 1
8.64
12.52
9.45
1.336

87.41
89.73
1.188

10.65
9.75
1.091

1.94a
0.52b
0.488

85.53b
91.60a
1.188

12.74a
7.67b
1.091

0.390
0.171
0.001
0.349
0.746
0.104
0.214

0.102
0.561
0.002
0.667
0.762
0.178
0.378

a,b

Score 2
1.85
0.54
1.30
0.598

Score
3
0
0
0
0

0+1

2+3

98.15
99.46
98.70
0.598

1.85
0.54
1.30
0.598

0
0
0

98.06b
99.48a
0.488

1.94a
0.52b
0.488

1.74
0.73
0.488

0
0
0

98.26
99.27
0.488

1.74
0.73
0.488

0.308
0.043
0.147
0.308
0.258
0.340
0.206

.
.
.
.
.
.
.

0.308
0.043
0.147
0.308
0.258
0.340
0.206

0.308
0.043
0.147
0.308
0.258
0.340
0.206

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
1
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Table 3.10

Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on woody breast incidence of male
and female broilers at 35 days of age
Challenge2

Sex

Score 0
82.17
80.04
82.83
1.652

Score 1
14.68
16.24
14.23
1.586

78.85
84.51
1.348

17.50
12.59
1.295

3.65
2.89
0.765

Male
Female
SEM5

77.55
85.81
1.348

16.82
13.27
1.295

Male
Female
Male
Female

71.88b
85.83a
83.23a
85.80a
1.907

Challenge
Non-challenge
SEM4

Challenge
Challenge
Non-challenge
Non-challenge
SEM6

Score 2
3.15
3.72
2.94
0.936

Score
3
0
0
0
0

0+1

2+3

96.85
96.28
97.06
0.936

3.15
3.72
2.94
0.936

0
0
0

96.35
97.11
0.765

3.65
2.89
0.765

5.62a
0.92b
0.765

0
0
0

94.38b
99.08a
0.765

5.62a
0.92b
0.765

21.18a
13.83b
12.47b
12.72b
1.832

6.94
0.35
4.30
1.48
1.081

0
0
0
0
0

93.06
99.65
95.70
98.52
1.081

6.94
0.35
4.30
1.48
1.081

0.644
0.009
0.056
0.311
0.517
0.041
0.092

0.832
0.487
<.0001
0.389
0.459
0.084
0.578

.
.
.
.
.
.
.

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex

0.462
0.004
<.0001
0.129
0.318
0.004
0.064

a,b

0.832
0.487
<.0001
0.389
0.459
0.084
0.578

0.832
0.487
<.0001
0.389
0.459
0.084
0.578

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
6
SEM=Standard error of mean for n=24
1
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Table 3.11

Diet1
Control
Antibiotic
Probiotic
SEM3

Effects of dietary additive and cocci challenge on woody breast incidence of male
and female broilers at 43 days of age
Challenge2

Sex

Score
Score
Score
1
2
3
14.06b
9.17
6.88
20.97a 12.60 10.21
20.23a 11.23
7.34
2.031
1.845
1.682

0+1

2+3

83.96
77.19
81.43
2.258

16.04
22.81
18.57
2.258

58.59
66.29
1.880

18.96
17.88
1.658

12.43
9.57
1.507

10.02
6.26
1.374

77.55b
84.17a
1.843

22.45a
15.83b
1.843

51.08b
73.80a
1.880

20.22
16.62
1.658

15.17a
6.83b
1.507

13.52a
2.75b
1.374

71.30b
90.42a
1.843

28.70a
9.58b
1.843

Challenge
Non-challenge
Challenge
Non-challenge
Challenge
Non-challenge

61.18b
78.61a
54.65b
57.78b
59.93b
62.48b
3.257

16.88
11.25
21.81
20.14
18.19
22.26
2.872

12.57
5.76
14.10
11.11
10.63
11.84
2.610

9.38
4.38
9.44
10.97
11.25
3.42
2.379

78.06
89.86
76.46
77.92
78.13
84.74
3.193

21.94
10.14
23.54
22.08
21.88
15.26
3.193

Diet
Challenge
Sex
Diet × Challenge
Diet × Sex
Challenge × Sex
Diet × Challenge × Sex7

0.0003
0.005
<.0001
0.040
0.874
0.978
0.542

0.036
0.648
0.129
0.244
0.661
0.219
0.302

0.419
0.184
0.0002
0.312
0.691
0.356
0.730

0.321
0.056
<.0001
0.138
0.957
0.663
0.355

Challenge
Non-challenge
SEM4
Male
Female
SEM5
Control
Control
Antibiotic
Antibiotic
Probiotic
Probiotic
SEM6
P-value

Score
0
69.90
56.22
61.21
2.303

a,b

0.321
0.013
<.0001
0.275
0.851
0.281
0.567

0.107
0.013
<.0001
0.275
0.851
0.281
0.567

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=32
4,5
SEM=Standard error of mean for n=48
6
SEM=Standard error of mean for n=16
1

7

Treatment means of treatment combinations were shown in Table 12
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Table 3.12

Effects of dietary additive and cocci challenge on woody breast incidence of male
and female broilers at 43 days of age

Diet1

Challenge2

Sex

Score
0

Control

Challenge

Male

47.50c

Control

Challenge

Female

74.86b

Control
Control

Non-challenge
Non-challenge

Male
Female

68.47b
88.75a

Antibiotic

Challenge

Male

44.31c

Antibiotic

Challenge

Female

65.00b

Antibiotic

Non-challenge

Male

47.36c

Antibiotic

Non-challenge

Female

68.19b

Probiotic

Challenge

Male

50.00c

Probiotic

Challenge

Female

69.86b

Probiotic

Non-challenge

Male

48.85c
76.11a
b
4.062

Probiotic
Non-challenge
3
SEM
P-value
Diet × Challenge × Sex

Female

0.542

Score
1

Score
Score
Score
3
0+1
2+3
15.00a
17.5bc 20.00a bc
65.00e
35.00a
16.25b
c
5.14cd
3.75e
91.11ab
8.89de
13.75b 9.03bc 8.75bc
c
d
de
82.22bc 17.78cd
8.75c
2.5d
0.00e
97.50a
2.50e
22.92a 19.03a 13.75a
b
b
bcd
67.22de 32.78ab
20.69a 9.17bc
14.31cd
b
d
5.14de 85.69abc
e
20.28a 14.31a 18.06a
b
bc
b
67.64de 32.36ab
20.00a
11.81cd
bc
7.92cd
3.89e
88.19abc
e
17.50b 13.75a
c
bc
18.75a
67.5de
32.50ab
18.89a
11.25cd
bc
7.5cd
3.75e
88.75abc
e
14.93a 6.84cd
29.38a bc
e
78.23cd 21.77bc
15.14b 8.75bc
c
d
0.00e
91.25ab
8.75de
4.062 3.691
3.365
4.515
4.515
0.302

a,b

Score
2

0.730

0.355

0.567

0.567

Means in a column not sharing a common superscript are different (P < 0.05).
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.
3
SEM=Standard error of mean for n=8
1
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Table 3.13

Correlation of woody breast score and processing yield (relative weight/%)
Carcass
0.285
0.075

Breast

Coefficient
P-value

Drumstick

0.324
0.041

Wing
-0.010
0.951

Thigh
-0.199
0.219

Tender

-0.260
0.106

Fat pad
-0.098
0.547

Female

Coefficient
P-value

0.382
0.015

0.255
0.112

-0.098
0.548

-0.150
0.357

-0.110
0.499

-0.112
0.494

0.163
0.314

Non-challenge

Male

Coefficient
P-value

0.300
0.060

0.509
0.001

-0.402
0.010

-0.403
0.010

0.296
0.064

-0.199
0.218

-0.287
0.076

Control

Non-challenge

Female

Coefficient
P-value

0.231
0.152

0.376
0.017

0.035
0.830

-0.223
0.166

-0.052
0.753

-0.149
0.359

-0.215
0.183

Antibiotic

Challenge

Male

Coefficient
P-value

0.256
0.112

0.506
0.001

-0.196
0.225

-0.561
0.0002

-0.127
0.434

-0.119
0.467

-0.165
0.309

Antibiotic

Challenge

Female

Coefficient
P-value

0.061
0.711

0.439
0.005

-0.137
0.400

-0.360
0.023

0.005
0.976

-0.399
0.011

0.414
0.008

Antibiotic

Non-challenge

Male

Coefficient
P-value

0.286
0.074

0.593
<.0001

-0.510
0.001

-0.387
0.014

0.050
0.762

-0.430
0.006

0.066
0.686

Antibiotic

Non-challenge

Female

Coefficient
P-value

0.340
0.032

0.625
<.0001

-0.466
0.003

-0.311
0.051

-0.206
0.202

-0.100
0.540

-0.021
0.900

Probiotic

Challenge

Male

Coefficient
P-value

0.513
0.001

0.432
0.005

-0.464
0.003

-0.439
0.005

-0.391
0.013

-0.079
0.627

-0.230
0.153

Probiotic

Challenge

Female

Coefficient
P-value

0.237
0.142

0.156
0.343

-0.358
0.025

-0.167
0.309

0.049
0.765

-0.045
0.787

-0.027
0.873

Probiotic

Non-challenge

Male

Coefficient
P-value

0.087
0.595

0.068
0.677

-0.273
0.089

-0.172
0.288

0.026
0.872

-0.335
0.034

0.198
0.221

Probiotic

Non-challenge

Female

Coefficient
P-value

0.305
0.056

0.488
0.001

-0.487
0.002

-0.588
<.0001

0.063
0.701

-0.041
0.801

0.267
0.096

Diet
Control

Challenge
Challenge

Sex
Male

Control

Challenge

Control
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-0.063
0.700

Figures

Figure 3.1

Lesion score probability of broiler intestine due to dietary additive and cocci
challenge on duodenum white lesion (Figure 1A, n=16) and due to cocci challenge
on jejunum red lesion (Figure 1B, n=48) on d 28

Lesion score = 0 indicating no gross lesion; score 1 indicating 1 to 4 petechiae on serosa/cm2;
score 2 indicating 5 to 10 petechiae on serosa/cm2; score 3 indicating 11 to numerous petechiae
on serosa/cm2. a,b: Bars not sharing a common letter are different (P < 0.05).
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Figure 3.2

Lesion score probability of broiler intestine due to and cocci challenge on jejunum
red lesion on d 42 (n=48)

Lesion score = 0 indicating no gross lesion; score 1 indicating 1 to 4 petechiae on serosa/cm2;
score 2 indicating 5 to 10 petechiae on serosa/cm2; score 3 indicating 11 to numerous petechiae
on serosa/cm2. a,b: Bars not sharing a common letter are different (P < 0.05).
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CHAPTER IV
INTERNAL ORGAN AND SKELETAL MUSCLE DEVELOPMENT IN COMMERCIAL
BROILERS WITH WOODY BREAST MYOPATHY
Abstract
Commercial broiler genetic selection has improved growth performance and increased
meat production. However, increasing body weight has been linked to broiler muscle problems,
such as woody breast (WB), which leads to the myopathy of WB meat. The aim of this study was
to investigate the internal organ and skeletal muscle development of broilers with WB myopathy.
Internal organ weight and processing data of birds were analyzed using a 3-way analysis of
variance (ANOVA). Relationships between WB and internal organ weight and processing yield
were analyzed using one-way ANOVA as all treatments were pooled together. Samples were
regrouped according to WB conditions (normal and woody). On d 41, absolute and relative heart
weights were greater in males when they were averaged over diet and challenge treatments (P =
0.003). The WB birds had greater absolute heart (P = 0.0002) and spleen weights (P = 0.016), but
there was no difference in relative heart and spleen weight (for all P > 0.05). When averaged over
diet and challenge treatments, males have greater absolute duodenum, jejunum, and ileum weights
(for all P < 0.0001). Compared with birds with normal breasts, the WB birds had a greater live
weight (P = 0.0001) and absolute and relative breast weights (both P < 0.0001). The WB birds had
greater (P < 0.0001) absolute but lower (P < 0.0001) relative drumstick, thigh, and wing weights.
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These results showed that the internal organs and the skeletal muscles developed at lower rates
when birds have WB.
Introduction
Genetic selection in commercial broilers has dramatically improved meat yield and growth
performance, and the growth rate of intensively reared broilers has accelerated 400% in the past
50 years (Zuidhof et al., 2014). Compared to ancestral chickens, modern commercial broilers have
twice the amount of breast muscle, the size which constitutes 20% of total body mass (Havenstein
et al., 2003; Schmidt et al., 2009; Zuidhof et al., 2014). Woody breast (WB), a myopathy primarily
seen in broiler breast muscle (pectoralis major), has been considered a side effect of modern rapid
growth and high-breast yield in broilers (Sihvo et al., 2014). Increased WB cases have affected
producers since 0.8% of breast meat can be downgraded or frequently condemned due to WB,
leading to losses of marginal economic return (Zanetti et al., 2018). Furthermore, animal welfare
concerns regarding increased body weight and breast yield have arisen, which has included bird
movement problems and increased mortality woody breast welfare (Kuttappan et al., 2016;
Norring et al., 2018). The prevalence of these problems indicates that the physiological capabilities
of broilers may constrain further increases in broiler meat yield because skeletal, metabolism, and
digestive systems are reaching their functional limits (Tickle et al., 2014), thus causing movement
issues (Norring et al., 2018).
Characterizing changes in the internal organs and skeletal muscle size of broilers with WB
myopathy are crucial for understanding broiler physiology and WB development. Physical
observation and scaling rules determine the condition of changes in the mass and proportions of
the internal organs which affect organismal form (Schmidt-Nielsen and Knut, 1984). Observing
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the size of a bird’s immune and digestive organs and skeletal muscles is important, because the
information can increase the understanding of the physical disorders that they may suffer. The
liver and pancreas play essential roles in fat and protein metabolism (Bosc-Bierne et al., 1984;
Zaefarian et al., 2019), and the functional anatomical properties of the broiler small intestine tract
are crucial to the effectiveness of feed conversion (de Verdal et al., 2010).
Multiple farm management factors such as feed additives, coccidiosis infection, and bird
husbandry affect organ and muscle growth and the health of male and female commercial broilers
differently. Male broilers are more susceptible to WB due to their biological characteristics related
to fat metabolism and oxidative stress response (Brothers et al., 2019). Antibiotics (bacitracin),
probiotics (Bacillus subtilis), and cocci challenges influence gut health conditions, which can
affect internal organ development (Wang et al., 2018; Poudel et al., 2021). Dietary antibiotics can
modify organ size and function, thus improving growth performance (Castanon, 2007; CrisolMartinez et al., 2017; Manafi et al., 2019). Probiotics improve the birds’ immune functions and
growth performance (Teo and Tan, 2007; Molnár et al., 2011; Jayaraman et al., 2017). Coccidiosis
is a common reason for growth and organ development disorders (Sharma and Fernando, 1975;
Su et al., 2014; Rochell et al., 2016). However, limited studies have been conducted to examine
the effect of these management practices on WB development. Internal organ status reflects the
health and welfare condition of fast-growing broilers with WB. Given the rise of WB incidence in
the broiler industry, it is essential to explore the relationship between internal organ and skeletal
muscle development of birds with the WB myopathy. Therefore, the current study examines how
organ and muscle growth varies under different dietary and disease conditions in male and female
commercial broilers with the WB myopathy.

67

Materials and Methods
This experiment was conducted on the Mississippi State University Poultry Research Farm.
All rearing and sampling procedures that were used in this study were reviewed and approved by
the Institutional Animal Care and Use Committee at Mississippi State University.
Experimental Design and Birds Management
Treatment assignment, basal diet formulation and bird management have been previously
described (Jia et al., 2021).
Internal Organ Measurement
For internal organ sampling, one bird per pen was randomly selected at d 13, which served
as a baseline control prior to the development of the WB myopathy. At d 41, live birds were
evaluated for WB myopathy by manual palpation (Zhang et al., 2021). One bird with a normal
breast and one bird with WB in each pen were randomly selected on d 41 for internal organ
sampling. Sampled birds were tagged, and live weights of birds were taken before they were
humanely euthanized using CO2 asphyxiation. Weights of the internal organs including the
proventriculus, gizzard, pancreas, spleen, liver, heart, and bursa were recorded. Their absolute
weight (g) and relative weight (g/g BW (%)) were measured and calculated from each sampled
bird. The absolute weight (g), relative weight (g/g BW (%)), and absolute length (cm) of the small
intestine (duodenum, jejunum, and ileum) were determined for each of the birds.
Processing
Processing procedure have been previously described (Jia et al., 2021).
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Data Analysis
Internal organ weights were analyzed using 3-way ANOVA. Diet, cocci challenge, and sex
were considered as main effects. Pen was considered the experimental unit, and data were analyzed
using the PROC GLM procedure of SAS 9.4 (SAS version 9.4, SAS Institute, 2013). An adjusted
Tukey test was used to determine multiple comparisons between treatments. Level of significance
was determined at P ≤ 0.05. For analysis of the relationships between internal organ weights and
processing yields, differences of the measured variables of the internal organs and skeletal muscles
between normal and woody breasts were analyzed using one-way ANOVA by pooling samples
from different treatments. Birds with WB scores of 0 and 1 were grouped together and identified
as having a “normal” breast condition, and birds with WB scores of 2 and 3 were grouped together
and were identified as having a “woody” breast condition. After pooling the samples, 133 normal
samples and 59 WB samples were used for regression analysis of internal organs with WB; 445
normal samples and 34 woody samples were used for regression analysis of skeletal muscles with
WB.
Results
Baseline Data prior to the Onset of Woody Breast
To evaluate the baseline of organ development prior to the onset of WB formation, samples
were collected at d 13. It was confirmed that no WB was observed at that time point. Absolute and
relative weights of the internal organs and the length of the small intestine were measured to
examine the effect of diet and sex on internal organ development before the cocci challenge
(Tables 1 and 2). There was no diet × sex interaction (P < 0.05) for any of the variables measured.
Males had greater absolute and relative heart weights than females (P = 0.014 and P = 0.003, Table
1). Birds fed the antibiotic diet had heavier absolute liver weights than those fed the probiotic diet
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(P = 0.024, Table 1). Males had heavier absolute and relative duodenum, jejunum, and ileum
weights than females (for all P < 0.05, Table 2), and males had greater duodenum and ileum lengths
than females (P = 0.035 and P = 0.016).
Treatment Effects on Internal Organs
Treatment effects on the absolute and relative weights, and the lengths of the internal
organs on d 41 are shown in Tables 3 and 4. There was a significant diet × challenge × sex
interaction for absolute heart weight on d 41 (P = 0.048). The absolute and relative weights of the
heart were heavier in challenged birds when averaged across diet and sex (P = 0.018 and P =
0.010). Furthermore, males had greater absolute and relative heart weights than females across diet
and challenge (P < 0.0001 and P = 0.003). When averaged across challenge, males fed the
antibiotic diet had heavier absolute and relative bursa weights compared to males fed the control
diet (P = 0.011 and P = 0.015). For birds fed the antibiotic diet, males had heavier absolute spleen
weights than females (P = 0.022). When averaged across diet and challenge, males had greater
absolute duodenum, jejunum, and ileum weights than females (for all P < 0.0001). When averaged
across diet and sex, birds that received a cocci challenge had lighter absolute and relative jejunum
weights than those that were unchallenged (P = 0.026 and P = 0.013).
Relationship between Woody Breast and Heart, Liver, and Immune Organs
Birds from all the treatment groups were pooled together and regrouped by their WB
condition (Normal vs. Woody) for one-way ANOVA analysis of their intestinal organ, body, and
muscle weights (Figures 1-7). Higher absolute heart (P = 0.0002) and liver (P = 0.0002) weights
were observed in birds with WB when compared to those having normal breasts. However, relative
heart and liver weights were not different between WB and normal birds (P > 0.05, Figure 1).
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There were also no differences in absolute and relative bursa weights between birds with normal
breasts and WB (for all P > 0.05, Figure 2). Birds with WB had greater absolute spleen weights (P
= 0.016) than those with normal breasts, but relative spleen weight was not different between birds
having normal and woody breasts (P > 0.05, Figure 2).
Relationship between Woody Breast and Gastrointestinal Organs
Relative weights of the proventriculus (P = 0.026) and gizzard (P = 0.001, Figure 3) in
birds with WB were less than those of birds with normal breasts. Birds with WB had greater
absolute duodenum (P = 0.040) and ileum (P = 0.003) weights than those of birds with normal
breasts (Figure 4).
Relationship between Woody Breast and Skeletal Muscle
Birds with WB exhibited heavier live (P < 0.0001) and carcass (P < 0.0001) weights
compared to those of normal birds (Figure 5). Similar to internal organs, processing yield data
from the different treatments were pooled together and regrouped by WB condition for one-way
ANOVA analysis of the skeletal muscles (Figures 6 and 7). Birds with WB exhibited greater
absolute and relative breast weights (for all P < 0.0001) and heavier absolute tender weights (P <
0.0001, Figure 6) than those with normal breasts. Birds with WB had greater absolute drumstick,
thigh, and wing weights (P < 0.0001) but lighter relative drumstick, thigh, and wing weights (P <
0.0001, Figure 7) than those with normal breasts.
Discussion
Birds with WB myopathy were hypothesized to have poor internal organ and skeletal
muscle development since they may suffer abnormal health problems. For this purpose, the WB
score was measured and compared to a variety of internal organ and skeletal muscle development
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characteristics to assess the health conditions of WB birds. The results of this study indicated that
internal organ and skeletal muscle weights were negatively related to WB myopathy incidence.
Determinations of internal organ and skeletal muscle abnormalities in birds with WB myopathy
will help to reveal potential factors contributing to WB development and potential methods for
preventing WB development.
The first objective of this study was to determine the internal organ development of birds
with WB. The diet and cocci challenge treatments had no significant effects on absolute and
relative heart weights. However, in comparison to females, higher relative and absolute heart
weights were observed in males on d 41 (Table 3). This finding is consistent with that of Klein et
al. (2017) who also found that male broilers had higher heart weights than females on d 35 (van
der Klein et al., 2017). In comparison to birds with normal breasts, those with WB had higher
absolute but not relative heart weights (Figure 1). The higher absolute heart weights in WB birds
may be due to the fact that the higher rate of hypertrophic muscle growth of WB birds results in
an increased basal metabolic rate (Kuttappan et al., 2021). Therefore, birds with WB have high
demands on their cardiovascular systems to provide sufficient oxygen delivery to their vascularity
and for the efficient removal of metabolic products (Scanes, 2015). In addition, relative heart
weight remained unaffected by breast conditions, so it is possible that the WB birds maintained a
normal heart function. The liver is a primary metabolic organ for poultry that has numerous
functions such as digestion, metabolism, biosynthesis, excretion, and detoxification (Zaefarian et
al., 2019; Xing et al., 2021). It was found in this study that dietary probiotics decreased absolute
liver weight compared to the antibiotic diet on d 13 (Table 3), but the dietary probiotics did not
affect absolute and relative liver weight on d 41 (Table 4). This finding is consistent with that of
Santoso et al. (1995) who also found that liver weights were decreased in broilers that received the
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Bacillus subtilis culture. Carbohydrate metabolism appears to be increased in broilers receiving
the dietary probiotics treatment, which led to subsequent liver development. The in ovo injection
of low-molecular-weight carbohydrates such as sucrose, maltose, and dextrin in broiler hatching
eggs decreased absolute liver weight 3 d after injection (Zhai et al., 2011). Probiotics may influence
carbohydrate metabolism and assist broilers in breaking down complex sugars and fibers in the
feed into low-molecular-weight carbohydrates (Abd El-Hack et al., 2020). Increased lowmolecular-weight carbohydrates may negatively affect the development of the liver. Birds with
WB had greater absolute but not relative liver weights in comparison to those with normal breasts
(Figure 1). Two recent studies have found that birds with the WB myopathy have higher hepatic
oxidative stress, apoptosis, and inflammation compared with those with normal breasts (Xing et
al., 2021; Zhang et al., 2021). These chronic inflammatory responses may impair liver morphology
and cause a higher absolute liver weight in birds affected by the WB myopathy.
Although different technologies have been used to assess the bird's immune status,
lymphoid organ weight is still commonly used for reflecting the immune status of birds (Heckert
et al., 2002). The immune status of animals can be predicted by determining their relative lymphoid
organ weights, and immune-compromised animals have reduced lymphoid organ weights (Rose
and Hesketh, 1979; Fan et al., 2013). A minimum bursa-to-body weight ratio of 0.11 is proposed
to occur in standard commercial healthy flocks of broilers from 7 to 42 days of age (Cazaban et
al., 2015). Because the relative bursa weights of the birds in this study were not lower than this
minimum value, it is suggested they have normal and healthy bursae. Overall, there was no
difference in the absolute and relative bursae weights of birds with woody and normal breasts on
d 41 (Figure 2A). The spleen serves as the biggest peripheral lymphatic organ of birds, and its size
is correlated with their immune response (John, 1994). Interestingly, it was found that birds with
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WB exhibited a higher absolute spleen weight (Figure 2B). Birds with WB may have a more active
immune reaction due to muscle inflammation, which results in a stronger immune response and a
subsequent swelling of the spleen. Previous research has shown that an irritated immune system
will affect the size of a bird’s spleen. For example, a pathogen infection can enhance the size of a
bird’s spleen (Stenkewitz et al., 2015) and birds fed deoxynivalenol (toxin) exhibit heavier spleen
weights than control birds (Chen et al., 2017).
The gastrointestinal (GI) tract of chickens includes the proventriculus, gizzard, and
intestines, and the GI tract is responsible for nutrient digestion and absorption (Svihus, 2014).
Interestingly, it was observed in this study that decreased relative proventriculus and gizzard
weight occurred in birds with WB (Figure 3), suggesting that the birds with WB may have an
upper GI tract digestion function that differs from that of birds with normal breasts. However, the
reason why WB birds tend to have smaller proventriculi and gizzards is still unknown. Further
research should focus on the feed intake and digestive function of birds with WB. It was found
that birds with WB have higher absolute but not relative weights of the duodenum and ileum
(Figure 4). Birds with WB have a greater body mass in comparison to birds with normal breasts.
Thus, WB birds need to eat more feed to maintain a basal metabolism. Higher absolute duodenum
and ileum weights facilitate higher levels of feed digestion and energy intake and subsequently
lead to a greater body mass. However, there were no differences in the relative duodenum and
ileum weights between birds with or without WB, which would indicate that birds with or without
WB have similar small intestine functions and can, therefore, maintain basic digestion and
absorption functions.
The second objective was to determine the skeletal muscle development of birds with WB.
As expected, birds with WB had higher live and carcass weights than birds with normal breasts
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(Figure 5). It was found that birds with WB exhibited heavier absolute breast and tender weights
(Figure 6), which agrees with a previous study that reported that WB incidence is positively
associated with breast weight (Zhang et al., 2021). Birds with WB also exhibited a greater relative
breast weight (Figure 6).This increased proportion of breast may reduce the walking ability of
birds (Norring et al., 2018). Thus, a reduction in the movement of WB birds may decrease the
growth of their legs and wings at the expense of heavier breast muscles. The findings in this study
confirmed the hypothesis that lower relative wing, drumstick, and thigh of weights in birds are
associated with WB (Figure 7).
The findings in this report are subject to several limitations. First, WB scores ranged from
0 to 3, but only normal and woody breast data were analyzed due to the sample size used to test
for differences in the internal organ and skeletal muscle weights between birds with or without
woody breasts. A larger trial covering all WB scores between 0 and 3 will provide a better
understanding of internal organ and skeletal muscle development in response to different WB
conditions. Secondly, it was noticed from the results that the WB myopathy is an animal welfare
issue since WB birds may have movement problems. Because individual welfare parameters in
this study were not tested, future research should be focused on the detection of movement using
optical sensing and imaging technologies.
In conclusion, the WB myopathy affected the major internal organs and skeletal muscles
and the different diets and health conditions of the broilers exerted additional influences. It was
confirmed that the WB myopathy is related to the weight of the digestive organs. In addition, birds
with WB have relatively smaller proventriculus and gizzard weights. Also, birds with WB
myopathy have a relatively high breast meat weight, but a relatively low drumstick, thigh, and
wing muscle weights, which are associated with movement, are relatively smaller in WB birds.
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These findings suggest that WB myopathy may have the unintended consequence of negatively
influencing broiler physiology by interfering with the ability of the internal organs and skeletal
muscles to develop.
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Tables
Table 4.1

Effects of feed additives and cocci challenge on internal organ absolute weights (g) and relative weights1 (%) of male
and female broilers on d 13

Diet
Control
Antibiotic
Probiotic

Sex
Male
Female
Male
Female
Male
Female
SEM
P-value

Heart
AW (g) RW (%)
2.54
0.672
2.37
0.626
2.60
0.683
2.44
0.632
2.59
0.698
2.42
0.652
0.082
0.019
0.992
0.985

Liver
AW (g) RW (%)
16.1ab
4.25
16.1ab
4.27
15.4ab
4.07
17.4a
4.41
14.7b
4.01
15.3ab
4.13
0.549
0.110
0.216
0.315

Bursa
AW (g) RW (%)
0.736
0.194
0.704
0.187
0.705
0.188
0.730
0.193
0.662
0.180
0.660
0.173
0.047
0.012
0.831
0.849

P-value
Diet
0.714
0.363
0.024
0.166
0.374
0.410
Sex
0.014
0.003
0.061
0.081
0.939
0.775
Abbreviations: AW, absolute weight; RW, relative weight; SEM, standard error of the mean.
a-b
Means in a column not sharing a common superscript were different (P < 0.05). n = 8
1
Relative weight was calculated by dividing absolute weight by carcass weight of each samples bird.
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Spleen
AW (g) RW (%)
0.416
0.110
0.368
0.098
0.363
0.095
0.364
0.095
0.362
0.101
0.325
0.089
0.020
0.006
0.459
0.450
0.068
0.096

0.172
0.074

Table 4.2

Effects of feed additives on intestinal weight and length of male and female broilers on d 13

Treatments
Diet
Control
Antibiotic
Probiotic

P-value
Diet
Sex

Sex
Male
Female
Male
Female
Male
Female
SEM1
P-value

Relative weight2 (%)

Absolute weight (g)
Duodenum

Jejunum

6.33ab
5.82ab
6.41a
5.76ab
5.80ab
5.50b
0.203
0.687

10.35
9.41
10.13
9.28
9.70
9.18
0.292
0.763

0.055
0.005

0.324
0.002

Ileum

Duodenum

Jejunum

6.80a
5.62b
7.24a
5.83b
6.51ab
5.73b
0.219
0.353

1.67a
1.55ab
1.70a
1.49ab
1.60ab
1.44b
0.053
0.709

2.74a
2.50ab
2.67ab
2.37b
2.70a
2.43ab
0.079
0.924

1.81a
1.49c
1.94a
1.51c
1.78ab
1.52bc
0.063
0.360

0.142
<0.0001

0.213
0.001

0.458
<0.0001

0.381
<0.0001

a-c

Ileum

Means in a column not sharing a common superscript were different (P < 0.05).
SEM, standard error of the mean. n = 8
2
Relative weight was calculated by dividing absolute weight by carcass weight of each sampled bird.
1
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Length (cm)
Duodenu Jejunu
Ileum
m
m
22.8
53.7
51.5
22.2
51.8
48.9
23.7
54.3
54.0
21.8
54.1
52.2
23.2
53.8
53.2
23.1
52.1
50.0
0.518
1.294
1.265
0.191
0.782
0.849
0.497
0.035

0.480
0.240

0.080
0.016

Table 4.3

Effects of feed additives and cocci challenge on internal organ absolute weights (g) and relative weights (%) of male and
female broilers on d 41
Treatments

Diet
Control

Challenge
Challenge

Antibiotic

Nonchallenge
Challenge

Probiotic

Nonchallenge
Challenge
Nonchallenge

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × sex
Challenge × sex

Sex
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
SEM1
P-value

Heart
AW (g)
RW2 (%)

Liver
AW (g) RW (%)

14.4a
11.4cde
12.9abcd
11.6cde
13.7abc
12.1bcde
14.0ab
11.2de
13.6abc
11.9bcde
13.2abcd
10.4e
0.464
0.048

0.513ab
0.482ab
0.487ab
0.474ab
0.501ab
0.503ab
0.514ab
0.459ab
0.518a
0.499ab
0.496ab
0.445b
0.016
0.233

75.4
68.5
71.0
64.4
72.8
68.4
71.9
64.7
70.1
65.4
72.3
65.5
2.438
0.888

2.68
2.90
2.68
2.63
2.70
2.84
2.65
2.65
2.65
2.77
2.71
2.81
0.067
0.439

3.90
3.02
3.80
3.39
3.83
3.80
3.45
3.94
3.19
3.31
3.50
3.30
0.205
0.269

0.139ab
0.129ab
0.143ab
0.139ab
0.142ab
0.159ab
0.127ab
0.163a
0.122b
0.140ab
0.132ab
0.143ab
0.008
0.516

Spleen
AW (g)
RW
(%)
3.04ab
0.108
3.00ab
0.128
3.24ab
0.121
3.08ab
0.126
3.48a
0.128
2.63b
0.110
3.24ab
0.120
2.66ab
0.110
3.14ab
0.120
2.60b
0.110
3.19ab
0.120
3.13ab
0.133
0.180
0.007
0.500
0.144

0.352
0.018
<0.0001
0.605
0.986
0.700

0.845
0.010
0.003
0.523
0.841
0.195

0.666
0.204
<0.0001
0.283
0.951
0.588

0.871
0.079
0.024
0.119
0.937
0.068

0.015
0.641
0.211
0.603
0.011
0.343

0.063
0.568
0.021
0.518
0.015
0.561

0.759
0.300
0.0004
0.290
0.050
0.329

a-e

Bursa
AW (g) RW (%)

Means in a column not sharing a common superscript were different (P < 0.05).
SEM, standard error of the mean. n = 16
2
RW: Relative Weight was calculated by dividing absolute weight by carcass weight of each samples bird.
1
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0.653
0.275
0.956
0.284
0.028
0.533

Table 4.4

Effects of feed additives on intestinal absolute and relative weight and length of male and female broilers on d 41

Diet

Treatments
Challenge

Control

Challenge

Antibioti
c

Probiotic

Nonchallenge
Challenge

Nonchallenge
Challenge
Nonchallenge

P-value
Diet
Challenge
Sex
Diet × Challenge
Diet × sex
Challenge × sex

Sex
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
SEM1
P-value

Absolute weight (g)
Duodenu Jejunu
Ileum
m
m
18.1a
31.2ab
20.9abcd
15.4abc 28.1b
19.6abcd
16.9ab
31.8ab
22.2ab
14.8bc
30.2ab
19.2bcd

Relative weight2 (%)
Duode Jejun Ileum
num
um
0.640
1.11 0.745
0.657
1.19 0.833
0.641
1.18 0.829
0.606
1.23 0.780

Length (cm)
Duodenu Jejunu
m
m
35.5a
84.7
34.2ab 84.2
34.9ab 84.6
34.0ab 84.6

Ileum
90.0
83.9
87.3
82.4

17.0ab
15.6abc
16.2abc
14.3bc
16.0abc
14.0c
16.9abc
14.2bc
0.614
0.748

30.9ab
29ab
33.1ab
28.9ab
30.9ab
28.2b
33.7a
28.7b
1.046
0.352

21.7abc
20.3abcd
21.7abc
19.1bcd
20.7abcd
18.5cd
22.8a
18.1d
0.747
0.810

0.626
0.647
0.599
0.59
0.608
0.597
0.636
0.609
0.022
0.856

1.13
1.21
1.22
1.19
1.17
1.20
1.27
1.24
0.037
0.752

0.803
0.846
0.804
0.788
0.786
0.784
0.860
0.774
0.027
0.591

33.0ab
33.6ab
33.6ab
32.1b
34.1ab
32.9ab
34.2ab
33.5ab
0.693
0.329

82.4
82.8
86.6
84.3
82.7
83.7
86.0
83.6
1.826
0.731

87.3
83.9
88.1
82.9
86.1
81.9
86.3
86.5
1.954
0.520

0.058
0.183
<0.0001
0.159
0.625
0.754

0.981
0.026
<0.0001
0.909
0.626
0.415

0.423
0.621
<0.0001
0.362
0.293
0.041

0.278
0.227
0.569
0.126
0.710
0.204

0.335
0.013
0.173
0.778
0.409
0.120

0.770
0.670
0.813
0.251
0.185
0.003

0.006
0.674
0.037
0.638
0.764
0.654

0.905
0.141
0.551
0.581
0.967
0.375

0.884
0.943
0.001
0.272
0.438
0.568

a-d

Means in a column not sharing a common superscript were different (P < 0.05).
SEM, standard error of the mean. n = 16
2
Relative Weight was calculated by dividing absolute weight by carcass weight of each sampled bird.
1
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Figures

Figure 4.1

Comparison of birds with normal and woody breast on the absolute and relative
heart (A) and liver (B) weight on d 41

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 133, woody n = 59. Statistical significance was
determined by paired two-tailed Student’s t test. ***P < 0.001
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Figure 4.2

Comparison of birds with normal and woody breast on the absolute and relative
bursa (A) and spleen (B) weight on d 41

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 133, woody n = 59. Statistical significance was
determined by paired two-tailed Student’s t test. *P < 0.05
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Figure 4.3

Comparison of birds with normal and woody breast on the absolute and relative
proventriculus (A) and gizzard (B) weight on d 41

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 133, woody n = 59. Statistical significance was
determined by paired two-tailed Student’s t test. *P < 0.05, **P < 0.01
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Figure 4.4

Comparison of birds with normal and woody breast on the absolute and relative duodenum (A) and ileum (B) weight
and length on d 41

The normal was woody breast condition scored as 0 and 1. The woody was woody breast condition scored as 2 and 3. Normal n = 133,
woody n = 59. Statistical significance was determined by paired two-tailed Student’s t test. *P < 0.05, **P < 0.01
84

Figure 4.5

Comparison of birds with normal and woody breast on the live (A) and carcass (B)
weight on d 44

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 445, woody n = 34. Statistical significance was
determined by paired two-tailed Student’s t test. ****P < 0.0001

85

Figure 4.6

Comparison of birds with normal and woody breast on the absolute and relative
breast (A) and tender (B) weight on d 44

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 445, woody n = 34. Statistical significance was
determined by paired two-tailed Student’s t test. ****P < 0.0001
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Figure 4.7

Comparison of birds with normal and woody breast on the absolute and relative
drumsticks (A), thighs (B), and wings (C) weight on d 44

The normal was woody breast condition scored as 0 and 1. The woody was woody breast
condition scored as 2 and 3. Normal n = 445, woody n = 34. Statistical significance was
determined by paired two-tailed Student’s t test. ****P < 0.0001
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CHAPTER V
EFFECTS OF DIETARY BACITRACIN OR BACILLUS SUBTILIS ON THE WOODY
BREAST MYOPATHY-ASSOCIATED GUT MICROBIOTA OF EIMERIA SPP.
CHALLENGED AND UNCHALLENGED BROILERS
Abstract
Woody breast (WB) is a muscular myopathy. A recent study suggests that dysbiosis of the
gut microbiota may play a role in the disease's etiology. In the current study, the fecal bacterial
community in chickens fed three different diets was investigated. The experimental diets were a
control diet (corn-soybean meal basal diet), an antibiotic diet (basal diet + 6.075 mg bacitracin /kg
feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus subtilis PB6 /kg feed). On d 14
birds were either unchallenged or challenged with a 20 × the live cocci vaccine. They were also
evaluated as having woody or normal breast phenotypes and their associations with their cecal
microbiota populations. On d 41, the cecal bacterial composition of 72 broilers from 6 treatments
(3 diets x 2 challenges) were also analyzed and compared. The DNA of cecal contents was
extracted and the 16S rRNA gene in V3 and V4 regions were sequenced. There were no differences
(P > 0.05) between the 2 challenges, 3 diets, and 2 phenotypes (NB vs. WB) according to Shannon
and Chao 1 indexes. However, there was a difference (P = 0.001) in beta diversity in samples
between the challenged and non-challenged groups. There were bacterial relative abundance
differences (false discovery rate, FDR < 0.05) between challenge treatments, but not (FDR > 0.05)
among the three diets and two phenotypes. Predicted metabolic activities differed (q < 0.05) only
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between challenged and non-challenged groups and cocci challenge altered gut microbiota
composition and the biosynthesis pathways. However, gut microbiota composition did not relate
to WB. Future research should focus on the mechanisms that could explain the reason why the
dietary additives used and the cocci challenge imposed in this study increased WB incidence.
Introduction
Woody breast (WB) is a myopathy that occurs in commercial broilers that is associated
with rapid broiler growth and high breast muscle yield. WB first became common in the broiler
industry between 2011 and 2013 (Petracci et al., 2019) and was characterized by the pathological
description of the lesions associated with WB meat (Sihvo et al., 2014), and the post mortem
physical characteristics of WB muscle (Soglia et al., 2016). However, the multifactorial etiology
of WB includes hypoxia, inflammation, oxidative stress, and metabolic disorder. Furthermore, the
role of gut microbiota compositional changes and their relationship with WB has been reported
(Zhang et al., 2021b).
The gut microbiota is the community of microorganisms (bacteria, archaea, viruses, and
eukaryotes) that colonize the digestive tract. The modulation of gut microbiota speeds up the
development of oxidative stress and inflammation that contribute to reduced gut integrity and
contribute to functional gastrointestinal disorders (Marchesi et al., 2016; Dumitrescu et al., 2018;
Gao et al., 2018). The cecum is an organ involved in cellulose digestion, fermentation, nutrient
utilization, and absorption (Clench and Mathias, 1995). The microbiota is responsible for
oligosaccharide degradation and the fermentation of short-chain fatty acids (Sergeant et al., 2014).
The digestion and nutrition uptake of broilers are altered by intestinal bacteria, resulting in
a different profile of metabolic pathways, which have been linked to differences between normal
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and EB meat (Zhang et al., 2021b). However, minimal research has been reported on the gut
microbiota composition of broilers that yield WB regarding the association between specific
bacterial taxa and the phenotypic expression of WB meat. This makes further scientific
investigations necessary to identify the components of the gut microflora associated with the
development of WB. The identification of microbial composition is a method by which to
understand gut conditions and nutrition uptake, which may relate to WB development. Research
from chapter three determined that a dietary antibiotic and a probiotic, and cocci challenge
treatments increased WB incidence in commercial broilers. We hypothesized that dietary and cocci
challenge treatments may have affected gut microbiota composition, and can be related to WB
development. Therefore, the modulation of gut microbiota under different dietary and cocci
challenge conditions were evaluated. In addition, this study evaluated the cecal microbial
composition of the birds with WB in comparison to the birds with normal breasts within different
treatment combinations.
Materials and Methods
Experimental Design and Birds Management
This part was described in chapter III.
Sample Collection
At d 41, live birds were evaluated for WB myopathy by manual palpation (Zhang et al.,
2021a) and confirmed as breast meat according to Tijare et al. (2016). Birds with WB score 0 was
recorded as NB and birds with WB score 1, 2 or 3 were recorded as WB. Six birds (1 bird/pen)
with NB and 6 birds (1 bird/pen) with WB condition of each treatment (Diet × Cocci challenge)
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were randomly selected from each pen for necropsy. After euthanizing with CO2, the cecal contents
were squeezed out samples were stored at -80°C until further analysis (Zhang et al., 2021b).
Microbial Community DNA Isolation and DNA Amplification
The QIAamp PowerFecal DNA Kit (Qiagen, Germantown, MD) was used to extract DNA
from cecal content according to the manufacturer’s instructions. The quality and RNA
contamination of the extracted DNA was examined using agarose gel electrophoresis, and the
purity and concentrations were determined using a NanoDrop One spectrophotometer (Thermo
Scientific, Wilmington, DE). Before PCR amplification, an aliquot of the extracts was adjusted to
20 ng/µL using Tris-EDTA buffer. The universal primers (Forward primer [5 ′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′] and
reverse primer [5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’]) were selected to amplify the V3-V4 regions of 16S rRNA gene from each
DNA sample (Klindworth et al., 2013). The applied 25 μL reaction was composed of 12.5 μL 2x
KAPA HiFi HotStart ReadyMix (KAPA Biosystems), 0.5 μL forward and 0.5 μL reverse primers
(10 μM), 10.5 μL nuclease-free water, and 1 μL of microbiota DNA template (20 ng/μL). PCR
was performed using an Eppendorf Mastercycler ep gradient thermocycler (Eppendorf, Enfield,
CT, USA) with the following conditions: the initial denaturation step was carried out at 95 °C for
3 min and 35 cycles were carried out at 95 °C for 30 s, 55 °C for 30 s, 72°C for 30 s; and a final
cycle of 60 °C for 5 min. The PCR products (∼ 550 bp) were confirmed by gel electrophoresis
using 1% agarose gel that was stained with SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, CA).
Each PCR product was purified with Agencourt® AMPure XP beads (Beckman Coulter, Brea, CA)
according to the manufacturer’s protocol.
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16S rRNA Gene Sequencing
The 16S rRNA gene libraries were generated using the Nextera XT Index Kit (Illumina,
San Diego, CA) according to the 16S Metagenomics Sequencing Library Preparation guide
(Illumina, San Diego, CA, USA, Part #15044223 Rev. B). The tagmentation reaction was carried
out in a 50 μL reaction system containing 25 μL 2x KAPA HiFi HotStart ReadyMix (KAPA
Biosystems, Wilmington, MA), 5 μL [each] Nextera XT Index Primer, 5 μL DNA and 10 μL
nuclease-free water. The PCR reactions were performed by initial denaturation at 95 °C for 3 min,
followed by 8 cycles of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 30 s, and
extension at 72 °C for 30s, with a final elongation step at 72 °C for 5 min. PCR clean-up was
performed using a 0.5:1 ratio of AMPure XP beads (Beckman Coulter, Brea, CA) to PCR reaction
products following the Nextera protocol. The 16S rRNA gene libraries were quantified with Qubit
dsDNA HS Assay Kit using Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA). The size
profiles of the libraries were determined using a 2100 Bioanalyzer with a DNA 1000 chip (Agilent
Technologies, Inc., Santa Clara, CA), with an expected size of the final library as ~ 630 bp. The
individual DNA library was normalized to 45 nM according to the Qubit reading and 72 libraries
were pooled together. The pooled library was desaturated with NaOH and diluted to equal
concentration (6 pM) before being mixed to achieve a PhiX concentration of 5% of the total
volume. The denatured libraries were loaded onto the reagent cartridge and sequenced on an
Illumina MiSeq Next Generation Sequencer (Illumina, San Diego, CA) to generate paired-end
2×300 reads.
Data Analysis
Sequences were quality filtered, denoised, and analyzed using Quantitative Insights Into
Microbial Ecology 2 software (QIIME 2 version 2020.2). The number of reads in the feature
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table/operational taxonomic unit (OTU) table was standardized using the total sum approach to
generate relative abundance. The relative abundance differences were examined using the 2-sided
Welch's t-test (P < 0.05) with an adaptive FDR correction of 0.05 (Benjamini and Hochberg, 1995).
Groups analyses were performed using the Kruskal-Wallis test using STAMP (Statistical Analysis
of Metagenomic Profiles). PICRUSt (phylogenetic study of the community by reconstruction of
unobserved States) was used to predict functional profiling of microbial communities.
Results
Diversity of Cecal Microbiota
The richness and evenness of the species (alpha diversity) in each sample were reported by
Chao 1 and Shannon indexes (Figure 1). Accounting for both indexes, there were no differences
(P > 0.05) in the richness and evenness of cecal microbiota between the 2 coccidiosis conditions
(challenge vs. non-challenge), the 3 diets (control, antibiotic, and probiotic), or 2 phenotypes (NB
vs. WB). Based on the PERMANOVA test, the beta diversity was different in samples between
cocci challenges (P = 0.001, Figure 2) but not different in samples among diets or between
phenotypes (P > 0.05). In addition, no difference in beta diversity was observed between NB and
WB across dietary treatments and cocci challenges (Table 1).
Relative Abundance of Cecal Microflora
The effect of cocci challenge on the bacterial taxonomy of broilers is shown (Table 2).
Cocci challenge did not affect the relative abundance at the phylum, class, and order levels.
Comparative analysis of species level shows cocci challenge and non-challenge samples detected
three bacteria that were more abundant in the cocci challenge group: Butyricicoccus pullicaecorum
(FDR = 0.010), Sporobacter termitidis (FDR = 0.045), and Subdoligranulum variabile (FDR =
97

0.045) (Figure 3). At the species level, an unknown species belongs to Clostridiaceae genus and
Clostridiales family have lower abundance in WB birds (FDR = 0.030) (Figure 4).
Functional Metagenome Prediction
PICRUSt2 was used to predict the functional profile from 16S rRNA sequences to show
the metabolic function of the cecal microbial population in broilers. At KEGG level 2, twenty-two
microbial metabolic activities in the ceca were different (P < 0.05) between challenge and nonchallenge broilers (Figure 5), but none were different (P > 0.05) between broilers with different
phenotypes or diets. The pairwise analysis of the abundance of microbial pathways revealed that
the changed pathways included energy metabolism pathways, nucleotide metabolic pathways, and
amino acid and coenzyme biosynthesis. Some energy metabolism pathways, such as the pentose
phosphate pathway and formaldehyde oxidation I were enhanced (q < 0.05) in the microflora from
the challenge group. For the broilers from the cocci challenge group, pathways including myo-,
chiro-, and scyllo-inositol degradation were elevated (q < 0.05). Purine, pyrimidine, and derivative
nucleotide metabolic pathways were increased (q < 0.05) in broilers that were challenged with
cocci. Chorismate, aromatic amino acid, L-isoleucine, and coenzyme M biosynthesis pathways
were all downregulated (q < 0.05) in broilers that were exposed to cocci. In total, 15 out of 22
pathways were upregulated (q < 0.05) and 7 were downregulated (q <0.05) in broilers that were
treated with the cocci challenge.
Discussion
The current study investigated the effect of dietary treatment and Eimeria spp. challenge
on broiler gut microbiota composition and cecal bacterial community profiles in chickens
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exhibiting the WB myopathy. Furthermore, the nutrient metabolism, as well as a comparative
prediction analysis of the functional metagenome in the broiler chickens were evaluated.
The relative abundance of species Butyricicoccus pullicaecorum, Sporobacter termitidis,
and Subdoligranulum variabile were increased in the cocci challenge group (Figure 3). It has been
shown that Butyricicoccus pullicaecorum (Ruminococcaceae genus) and Subdoligranulum
variabile are butyrate-producing strains (Holmstrøm et al., 2004; Eeckhaut et al., 2008). Shortchain fatty acid butyrate, an essential byproduct of anaerobic bacterial carbohydrate fermentation,
has been shown to reduce pro-inflammatory cytokine in broilers and to promote production of
antimicrobial components in the chicken gut (Zhang et al., 2011). Butyrate inhibits Salmonella
invasion and colonization while stimulating intestinal epithelial cell development (Van Immerseel
et al., 2005; Kien et al., 2007). In the cocci challenge group, the increased relative abundance of
Butyricicoccus pullicaecorum and Subdoligranulum variabile may produce more butyrate in the
chicken gut, thus improving broiler health and increasing growth performance. One of our previous
studies indicated that body weight gain of challenged broilers was increased in the late growth
phase (d 29-43) (Jia et al., 2021). This finding may be related to the increase in butyrate producers
in the chicken gut. The abundance of Sporobacter termitidis was greater in the cocci challenge
group. A higher abundance of Sporobacter has been linked to pathological conditions such as
constipation in mice (Wang et al., 2019a) and E. coli infection in weaned pigs (Zhang et al., 2017).
Sporobacter abundance was reduced following supplementation with a mixture of probiotic
Bifidobacterium strains (Wang et al., 2019a), which indicates that Sporobacter possibly function
as a pathogen in animals. Similarly, Venardou et al. (2021) reported that Sporobacter might behave
as a pathogen in the host. Our study found that cocci challenge increased the relative abundance
of Sporobacter, which suggests that cocci challenge has a negative effect on gut environment.
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We observed different metabolic pathways between cocci challenged and non-challenged
birds (Figure 5). The cocci challenge group exhibited an increase in the pentose phosphate pathway
(PPP) in the microbial population. The activation of PPP can increase the production of NADPH,
which is an electron donor in all organisms (Ramos-Martinez, 2017). It was reported that cells
under oxidative stress can activate PPP to increase NADPH, thus improving the cells’ ability to
tolerate oxidative stress (Hayes et al., 2020). Another product of PPP is ribose-5-phosphate sugar,
which is used to make DNA and RNA (Ramos-Martinez, 2017). Deoxyribonucleotides and
nucleotides biosynthesis pathways were upregulated in the microbes of cocci challenged broilers,
which may be regulated by the DNA and RNA produced from PPP. Folate transformations III
related to vitamin B9 were enriched in non-challenge birds. Folate is required to form many
compounds, including glycine, methionine, formylmethionine, thymidylate, pantothenate, and
purine nucleotides (Scaglione and Panzavolta, 2014). The changed folate metabolism in the birds
with cocci challenge indicates a different vitamin need for the cecal bacteria, and thus altered
biological metabolism in activities. The enhanced super pathway of aromatic amino acid
biosynthesis and L-isoleucine biosynthesis II shows that non-challenged birds may have higher
levels of L-tryptophan and L-isoleucine.
B. subtilis was not detected from the cecal content sample in this study, indicating that B.
subtilis did not colonize in the ceca. Ma et al. (2018) reported that supplementation with B. subtilis
improved the growth performance and ileum structure of broilers. However, these authors did not
observe the composition difference of B. subtilis species in cecal microbiota. Similarly, Wang et
al. (2019b) found that B. subtilis promoted broiler growth performance via modulating microbial
community. However, there was no data reported pertaining to the B. subtilis population in the
ceca content. It has been indicated that in the ceca of broilers, Clostridia are the predominate
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organisms (Ballou et al., 2016), B. subtilis may be more active and have a large population in the
ileum, which is dominated by Lactobacillus (Ranjitkar et al., 2016; Glendinning et al., 2019). The
fermentation product of the proliferation of B. subtilis may travel into ceca and thus modulate the
cecal microbiota. The colonization of B. subtilis in other gut parts was not investigated in this
study. The ileum microbiota is worthy of investigation in future studies to better understand the
function of B. subtilis in the broiler GI tract.
Bacitracin is a non-ribosomal polypeptide combination that inhibits bacterial cell wall
production by blocking dephosphorylation of the carrier for N-acetylmuramyl pentapeptide
intermediates (Butaye et al., 2003). Bacitracin is one of the most widely utilized antibiotic growth
promoters (AGPs) that is used to increase poultry performance (Huyghebaert et al., 2011). Studies
have indicated that supplementation with bacitracin altered the intestinal bacterial population of
broiler chickens (Lu et al., 2008; Torok et al., 2011). Lu et al. (2008) reported a decrease in the
diversity of the gut microbiome when bacitracin was administered. However, conflicting results
have been reported that suggest that bacitracin and other AGPs do not significantly impair
microbial diversity (Gong et al., 2008; Neumann and Suen, 2015; Fasina et al., 2016). Our previous
research showed an increase in body weight gain in the 0 to 14 day growth phase, but no growth
stimulating impact due to antibiotic additive after d 14 (Jia et al., 2021). One possible explanation
for this finding is that antibiotics could not change gut microbiota composition in the later growth
phase on d 41.
We found that there was no difference in gut microbiota composition between broilers with
or without WB within each treatment combination group (Table 1). This result indicates that gut
microbiota is not related to WB on d 41. The result is inconsistent with Zhang et al. (2021b), who
reported that broilers with WB have a higher relative abundance of Bacteroides plebeius and
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Selenomonas bovis at 8 wk of age. In our study, we sampled birds at d 41 (around 6 wk of age).
The different sampling time may cause this inconsistence because age is one of the factors that
affects WB (Maharjan et al., 2021). Zhang et al. (2021b) reported that in the data analysis
procedure, they grouped WB score higher or equal than 2 on d 56 as WB, unlike our study grouped
scores 1-3 as WB. The different standards for describing normal breast and WB may cause
different microbiota composition results. At the family level, Clostridiales in the WB group were
reduced (Figure 4). The reasons for the decline in these genera are currently unclear.
The present study confirmed gut microbiota differences among broilers that have been
cocci challenged, but dietary supplements of the antibiotic or probiotic did not affect the
composition of the gut microbiota. Birds that were treated with the cocci challenge contained an
increased abundance of Butyricicoccus pullicaecorum, and Subdoligranulum variabile, which are
beneficial bacteria, which contribute to butyrate production. In cocci challenged birds, the ceca
were characterized by decreased amino acid, vitamin, and coenzyme biosynthesis, increased
energy production, and deoxyribonucleotide and nucleotide biosynthesis. However, there was no
difference for the beta diversity of the microbiota from broilers with or without WB in any diet
treatments and cocci challenges, which indicated that gut microbiota was not related to WB on d
41.
In conclusion, the cocci challenge manipulated the gut microbiota composition, but the
dietary antibiotic and probiotic did not impact the gut microbiota composition. In addition, WB
formation was not related to gut microbiota composition on d 41. Future research should focus on
possible mechanisms that could explain why dietary additive and cocci challenge increased WB
incidence and if there are differences in microbial composition in the guts among birds raised to
41 and 56 days, in the same study.
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Tables
Table 5.1

P and Q values from the PERMANOVA test comparing phenotypes (NB vs. WB)
at different dietary treatments and cocci challenges

Diet1
Challenge2
P-value
Q-value
Control
Challenge
0.935
0.950
Control
Non-challenge
0.696
0.820
Antibiotic
Challenge
0.442
0.634
Antibiotic
Non-challenge
0.881
0.933
Probiotic
Challenge
0.741
0.843
Probiotic
Non-challenge
0.685
0.820
1
Experiment diets included a control diet (corn and soybean-meal basal diet), an antibiotic (basal
diet + 6.075 mg bacitracin /kg feed), and a probiotic diet (basal diet + 2.2 × 108 CFU Bacillus
subtilis PB6 /kg feed).
2
The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52, containing
E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) or gavaged the same
amount of distilled water on d 14.

Table 5.2

Bacterial taxonomy within the cecal digesta of broilers
Challenge1

Item
Phylum

Non-challenge2

SEM

P-value

Firmicutes
Cyanobacteria
Lentisphaerae

97.8
0.51
0.00

97.8
0.78
0.08

0.437
0.261
0.049

0.958
0.303
0.137

Clostridia
Lentisphaeria
Synergistia

97.1
0.00
0

97.1
0.08
0.05

0.477
0.049
0.025

0.992
0.137
0.055

Clostridiales
Victivallales

97.0
0.00

97.0
0.08

0.485
0.049

0.871
0.137

Class

Order
1,2

The birds were either challenged with 1 mL 20 × cocci vaccine (COCCIVAC®-B52,
containing E. acerivulina, E. maxima, E. maxima MFP, E. mivati, and E. tenella) in challenge
group or gavaged the same amount of distilled water in non-challenge group.
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Figures

Figure 5.1

Barplots for Alpha diversity based on (A) richness (Chao1 index) and (B) evenness
(Shannon index)

Barplots for Alpha diversity based on (A) richness (Chao1 index) and (B) evenness (Shannon
index) of pooled cecal samples from broilers with normal (NB) and woody breasts (WB)
(phenotype), broilers fed with a control (control), antibiotic, and probiotic diets, and cocci
challenged (Yes).and non-challenged (No). P-values were calculated using the pairwise KruskalWallis test
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Figure 5.2

Principal coordinate analysis (PCoA) plots with Jaccard index for Beta diversity

Principal coordinate analysis (PCoA) plots with Jaccard index for Beta diversity of (A) Pooled
cecal samples from broilers challenged (blue) and non-challenged (red); (B) Pooled cecal
samples from broilers fed with a control (gray), an antibiotic (orange), and a probiotic diet
(green); (C) Pooled cecal samples from broilers with normal (green) and woody breasts (pink).
P-values were calculated using PERMANOVA test

Figure 5.3

The relative abundance of bacteria population at the species level in cecal
microbiota of broilers that were challenged (Yes) and not challenged (No) (FDR <
0.05).
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Figure 5.4

The relative abundance of bacteria population at the species level in cecal
microbiota of broilers with normal breast (Normal) and woody breast (Woody)
(FDR < 0.05)
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Figure 5.5

Predicted metabolic pathways in cecal microbiota from broilers with cocci
challenge (Challenge) and without cocci challenge (Non-challenge) based on
Welch’s t-test followed by a Storey FDR correction
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CHAPTER VI
CHANGES IN GENE EXPRESSION IN THE INTESTINAL MUCUS OF BROILERS WITH
WOODY BREAST MYOPATHY
Abstract
Woody breast (WB) is a breast muscle myopathy in fast-growing broilers that is related to
oxidative stress, gut barrier condition, and inflammation. Mucus that covers and protects the
gastrointestinal tract is a dynamic system that regulates oxidative stress, gut barrier function, and
immune reactions. Previous work has shown that different dietary treatments affect WB incidence
differently, which indicates that gut condition changes such as inflammation, gut barrier function,
and oxidative stress are likely related to WB. In this study, the effects of dietary supplementation
with antibiotics (bacitracin) or probiotics (Bacillus subtilis) were investigated pertaining to gene
expression that is related to oxidative stress, gut barrier function, and inflammation in the mucus
lining of the jejunum from broilers with or without WB were investigated. A split-plot
experimental design was used in this study. The dietary treatments served as a main plot factor and
WB served as a subplot factor. Pens were blocked based on their locations. On day 41, jejunum
mucus was collected from one bird per pen that exhibited WB and an additional bird exhibiting a
normal breast (4 biological replicates/treatment/phenotype; 4 × 3 × 2, total N = 24). Total RNA
was extracted using a commercial RNA extraction kit. The expression level of IFN-γ, IL-10,
TLR2A, CLDN1, SOD, and MUC6 were determined by two-step RT-qPCR analysis, and the gene
expression difference was determined using the relative quantification (ΔΔCt) method after
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normalizing with the chicken 18S rRNA gene used as a reference. The fold change of each target
transcript was analyzed using linear regression, and pairwise comparisons were performed using
the student t-test. The level of significance was set at p ≤ 0.05. There were no significant interactive
effects between diet and incidence of WB on the expression of any of the genes. However, the
expression of SOD decreased in birds that were fed the antibiotic diet compared to birds fed the
control or probiotic diet (p < 0.0001). Diet modulation did not affect the expression levels of the
other genes. Birds with WB exhibited lower MUC6 gene expression levels than birds with normal
breast muscles (p = 0.0009). No significant expression differences between genes were found
between birds with WB and birds with normal breasts. In conclusion, broiler WB is related to the
decreased expression of mucin in mucus, indicating a correlation between WB incidence and a
lessening of gel-forming mucin secretion, as well as a reduction in the function of the gut defense
mechanism.
Introduction
Woody breast (WB) was first described in the literature in 2014 as palpably firm and
discolored pectoralis major (breast meat) muscle (Sihvo et al., 2014). In the United States, the
economic losses caused by the downgrading and condemnation of WB meat is reported to be more
than $200 million per year (Kuttappan et al., 2016). To understand the molecular profile associated
with WB development in broiler chickens, research has been conducted involving gene expression
and metabolite profiling that is associated with WB in broilers (Mutryn et al., 2015; Abasht et al.,
2016; Zambonelli et al., 2016). Results showed that in tissues affected by WB, unique gene
expression and metabolic signatures occurred that are related to altered redox homeostasis and
oxidative stress (Mutryn et al., 2015; Abasht et al., 2016; Zambonelli et al., 2016).
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Studies have been recently conducted to regulate the signals mentioned above by
modulating broiler nutrition to reduce the incidence of WB in commercial flocks. Dietary amino
acid levels and ratios, and antioxidant feed additives can decrease WB incidence and severity in
commercial broilers (Cruz et al., 2017; Bodle et al., 2018; Livingston et al., 2019a; Zhang et al.,
2021a). However, WB presents an exceptional challenge to poultry producers because other
dietary strategies such as dietary glutamine and arginine supplementation and the reduction of
amino acid and energy levels do not always prevent WB (Meloche et al., 2018; Livingston et al.,
2019b; Zampiga et al., 2019).
The reason why nutritional manipulation has affected WB formation is not only related to
the digestive and absorptive functions of the gastrointestinal tract (GI tract), but is also related to
its other functions such as its physical, immunological, and microbial functions (Yegani and
Korver, 2008). The immunological barrier function of the GI tract is formed by gut-associated
lymphoid tissue and intraepithelial T lymphocytes (Befus et al., 1980). The performance and health
of farm animals are directly linked with their gut function and health (Diaz Carrasco et al., 2019).
Gut health in chickens is determined by the long-time interaction upon diet, gut microbiota, gut
health conditions, and gut immune reaction (Placha et al., 2014; Du et al., 2016). The mucus lining
of the GI tract is integral to gut health. Furthermore, mucus tissue has a large surface area that
forms an interface between microflora and the gut lining. The mucosa is in contact with the
intestinal digesta and reacts directly to the conditions of the gut environment (Shi et al., 2017).
The interaction between the gut environment and the host’s metabolism is important since this
interaction maintains intestinal health. This interaction is interval to the improvement of digestion,
the regulation of metabolism, and the maturation of the immune system (Clemente et al., 2012).
The composition of the gut environment can be altered by dietary feed additives and host health
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conditions (Conlon and Bird, 2014). Meanwhile, modification of the gut environment acts as
feedback to influence the health and metabolic status of the host.
It was hypothesized that dietary additives affect gut health conditions, including its
inflammation, structural integrity, and oxidative stress of intestinal mucus, which may affect the
systemic health of broilers and subsequently affect WB development. The objectives in this study
were to examine and determine the effects of the gut ecosystem on broiler WB development. For
this purpose, the effects of the mentioned variables, gut ecosystem including inflammatory
response, gut integrity, and oxidative stress, were analyzed using molecular techniques.
Materials and Methods
Birds Management
This part was previously described in chapter III.
Sampling
At 41 days of age, 3 broilers per treatment were randomly selected and tagged, and live
weights of birds were recorded before the euthanasian using CO2. Birds were necropsied for mucus
sampling. The intestinal tract was removed, and approximately 4 to 5 cm of the distal loop of the
jejunum was aseptically excised. The loop was opened, and the jejunum digesta was removed.
Digesta-free sections were washed with PBS, and mucosal layer was scraped off using a micro
slide and stored in a sterile tube with 200 µL of RNAlater (Life Technologies, Carlsbad, CA). The
samples were frozen in liquid nitrogen immediately and stored in a -80°C freezer.
RNA Extraction and First-strand cDNA Synthesis
Total RNA was isolated from chicken jejunum scrapings using the Zymo Quick-Miniprep
Plus Kit (Zymo Research, Irvine, CA, USA) in combination with the in-column DNase I treatment
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according to the manufacturer’s protocol to eliminate genomic DNA contamination. The
concentration and purity of RNA were measured using the NanoDrop 2000 (Thermo Scientific,
Wilmington, MA, USA). The RNA quality was validated using agarose gel electrophoresis and an
Agilent Bioanalyzer 2100 system with an Agilent RNA 6000 Nano kit (Agilent Technologies,
Santa Clara, CA, USA).
For gene expression analysis, 1000 ng of total RNA from each sample was reversely
transcribed to first-strand cDNA using Invitrogen SuperScript VILO MasterMix (ThermoFisher
Scientific, Carlsbad, CA, USA). In brief, a total of 1000 ng of total RNA was mixed with 4 µL of
5x SuperScript VILO MasterMix in the total volume of 20 µL for each sample. The reverse
transcription (RT) reaction was carried out at 42°C for 1 hour, then terminated at 85°C for 5
minutes. The first-strand cDNA (RT) products were stored in a -20°C freezer for downstream
applications.
Primer Design and Amplification Specificity Confirmation
The sequences of interested chicken (Gallus gallus) genes along with their highly
homologous genes were retrieved from NCBI (https://www.ncbi.nlm.nih.gov/) gene accession
database and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequence alignment among
each interested gene and its highly homologous genes was analyzed using BioEdit software (Hall,
1999). The gene-specific primers for each interested gene were designed at less homologous
regions based on the sequence alignment result. To ensure the amplification from the cDNA
template, each primer pair was selected to span at least one intron or locate at the exon-exon
junction. The amplicon sizes were designed in the range of 150 bp to 350 bp. The information of
primers used in this study was summarized in Table 1.
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For confirming the amplification specificity, the standard RT-PCR was conducted in a total
volume of 25 µL reaction mixture containing 1 µL of first-strand cDNA (RT) product, 12.5 µL of
2x GoTaq Hot Start Master Mix (Promega, Madison, WI, USA), and 0.5 µL of each 10 µM primer
on an Eppendorf Mastercycler ep gradient system (Eppendorf, Enfield, CT, USA). The PCR
program consisted of a heating step of 95°C for 2 min, the cycling step of 95°C for 30 sec, 60°C
for 30 sec, 72°C for 45 sec, repeating for 35 cycles, followed by a final incubation step of 72°C
for 5 min. An additional PCR amplification step using a non-RT control template instead of a
cDNA template was set up for the primer pair located at the same exon to confirm genomic DNAfree amplification. The amplified PCR products were analyzed on a 1.5% agarose gel with SYBR
Safe DNA Gel Stain (ThermoFisher Scientific, Carlsbad, CA, USA). The PCR products with
correct sizes were purified using the GeneJET PCR Purification Kit (ThermoFisher Scientific,
Waltham, MA) and subsequentially cloned into the pGEM-Teasy vector (Promega, Madison, WI,
USA) according to manufacturers’ protocols. For each PCR product amplified from every genespecific primer pair, three independent recombinant plasmid DNAs were isolated using the
GeneJET Plasmid Miniprep Kit (ThermoFisher Scientific, Waltham, MA) based on the
manufacturer’s specifications. DNA samples were sent to Eurofins Genomics (Louisville, KY,
USA) for Automatic Sanger Sequencing analysis. The sequencing data was used to confirm the
specific detection for each gene-specific primer pair.
RT-qPCR Analysis
The expression changes of chicken transcripts were analyzed with RT-qPCR assays using
ABI QuantStudio 5 Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, USA). Each
assay mixture contained 1 µL of diluted cDNA product (dilution factor varied among transcripts),
5 µL of 2x PowerUp SYBR Green Master Mix (ThermoFisher Scientific, Waltham, MA, USA),
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and 0.25 µL of each 10 µM primer in a total volume of 10 µL. Three technical replicates were
carried out for each cDNA sample along with corresponding positive and negative controls. The
qPCR program was conducted with an initial denaturation step at 95°C for 2 min, followed by 40
cycles at 95°C for 5 sec and 60°C for 20 sec. A dissociation curve (melting curve) analysis was
applied after each qPCR run to validate the specific amplification of each transcript and primerdimer formation. A default setup was used in the dissociation step, which consisted of heating
qPCR products at 95°C for 1 sec, cooling to 60°C with a ramping speed of 3.17°C/sec, a hold for
20 sec at 60°C, followed by dissociation temperature (Tm) detection with slow heating procedure
at a ramping speed of 0.1°C/sec to 95°C, and a final hold at 95°C for 1 sec to complete the
dissociation curve analysis. Additionally, the RT-qPCR products from all selected transcripts were
subjected to 1.5% agarose gel electrophoresis analysis to confirm the correct amplification.
The expression change for each interested transcript was analyzed using the  Ct method
(comparative Ct (2-Ct) method) (Livak and Schmittgen, 2001). The chicken 18S rRNA gene was
used as a reference gene for normalization in this study.
Data Analysis
A split-plot design was used with diet as the main plot factor and woody breast myopathy
as the subplot factor. Linear regression was used in the R program to analyze the fold change of
each target transcript. When significant differences were observed among treatments, pairwise
comparisons were performed using the student t-test to separate treatment means. The level of
significance was set at P ≤ 0.05.
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Results and Discussion
The GI tract has a barrier function between its luminal environment and the tissues of birds.
This barrier is made up of physical, chemical, immune, and microbial components (Marchesi et
al., 2016; Diaz Carrasco et al., 2019). A variety of factors related to diet, infectious disease agents,
the environment, and management techniques can have a negative impact on the delicate balance
of the components in the chicken intestine, which can impair growth performance and animal
health (Hughes, 2005). Broiler health is closely related to gut function and health, as it is
responsible for the interaction of nutrition, gut integrity, and the immune system of birds (Placha
et al., 2014). It has been previously shown that WB myopathy is related to inflammation, gut
environment, and oxidative stress (Bodle et al., 2018; Emami et al., 2021; Zhang et al., 2021b). In
addition, our previous work found that dietary additives such as bacitracin methylene disalicylate
and Bacillus subtilis PB6 contributed to WB formation (Jia et al., 2021). This study aimed to
investigate further the diet effects on the broiler gut ecosystem, including gut inflammatory
response, gut integrity, oxidative stress, and their relationship with the WB myopathy. The
expression of immunity-, inflammation-, tight junction-, gut integrity-, and oxidative stress-related
gene was evaluated to identify gut health conditions under dietary treatments and of broilers that
produced WB meat.
Gut Barrier and Integrity
To test the gut barrier function and gut integrity of broilers under dietary treatments and
WB myopathy conditions, gene expression of tight junction-related gene CLDN1 and gel-forming
gene MUC6 were detected (Figure 6.1). Gene expression of CLDN1 was neither affected (P >
0.05) by dietary treatment nor related (P > 0.05) to WB myopathy on d 41. Across dietary
treatments, expression of MUC6 was not related (P > 0.05) to WB myopathy. Still, in each dietary
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treatment, broilers that were fed the control and probiotic diet, broilers with WB exhibited a higher
(P = 0.0204 and P = 0.0106, respectively) MUC6 gene expression compared to broilers that yielded
normal breast meat. This data indicates that the WB myopathy is related to gel-formation in the
gut of broilers that were fed the control and probiotic diets. In addition, birds with WB exhibited
greater (20-fold) MUC6 gene expression than birds that yielded normal breast meat (Figure 6.2).
The mucus layer that covers the intestinal epithelium and is secreted by goblet cells serves as the
first line of defense against physical and chemical damage and invading enteric infections (Kim
and Ho, 2010; Tsirtsikos et al., 2012). Mucin is a primary component of mucus; it produces barrier
for the intestinal epithelial cells and helps prevent damage to the intestinal barrier by limiting
microbial adhesion and invasion (Mack et al., 2003). Under steady-state, the secretion of mucus
increases due to the increasing in microbiota diversity, whereas under inflammatory reactions, T
cell cytokines (IL-4 and IL-13) and IFN-γ positively regulate mucus secretion (McGuckin et al.,
2011). Therefore, we infer that the increased MUC6 expression in this trial is due to the altered gut
microbiome composition or inflammatory response. According to the findings from chapter V, the
composition of one unknown species belongs to the Clostridiales genus was significantly reduced
in the woody breast group. Further research is needed to determine the function of this species and
its relationship with the expression of MUC6. In this study, no differences were observed in the
expression of MUC6 in any of the probiotic or antibiotic treatments, which is consistent with that
of Gadde et al. (2017), who reported that birds that were fed an antibiotic (BMD) or probiotic (B.
subtilis) did not exhibit a difference in mucin mRNA expression in ileal samples on d 14. This
outcome is contrary to that of Aliakbarpour et al. (2012), who reported that bird’s that were fed
the B. subtilis diet exhibited a higher jejunum mucin expression than birds that were fed the control
diet on d 41. This inconsistency may be due to the rearing environment, such as new litter, which
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will significantly alter the gut environment of broilers and thus affect mucin formation. The results
from the previous chapter (chapter V) confirmed that the dietary treatments did not affect the gut
microbiota composition. This may explain why gut barrier- and integrity-related genes were not
affected by the dietary treatments in this research. A possible explanation for the increased MUC6
expression in the birds with WB might be that the systemic inflammation response in WB
myopathy may alter the gut inflammation signaling pathway and increase mucin forming.
Immune and Inflammation Response
To determine whether dietary treatments are related to broiler gut immunity and an
inflammation reaction in response to the WB myopathy, RT-qPCR assays were performed to
determine the expression of the innate immunity activate gene TLR2A, pro-inflammatory cytokine
gene IFN-γ, and anti-inflammatory cytokine gene IL-10. Results about the gut immunity and
inflammation reaction indicate that the expression of TLR2A, IFN-γ, and IL-10 was not different
between either dietary treatments or breast muscle conditions (Figure 6.1). TLRs are
gastrointestinal signaling molecules that can recognize microbial structures and compounds and
play an important role in immunological homeostasis and infection defense (Keestra et al., 2007).
The activation TLRs causes the nuclear translocation of transcription factors that control the
expression of pro- and anti-inflammatory related genes (Jungi et al., 2011; Fenimore and H, 2016).
TLR2 is an important component of the TLRs family that senses bacterial structures (Kumar et al.,
2011). In this study, the TLR2A level did not alter in response to the treatments, which suggested
that these specific diet treatments do not affect the intestinal microbial structures and compounds
of the birds. Similar to TLR2A, there was no difference in the expression level for IFN-γ and IL10 between diets or in response to WB myopathy. IFN-γ is a pro-inflammatory cytokine that could
manipulate tight junction structure in the intestinal barrier, and the upregulation of IFN-γ will lead
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to gut barrier dysfunction (Utech et al., 2005). This result suggests that the inflammation reaction
related to IFN-γ of the birds in this trial was not affected by either diet or WB. IL-10, a pleiotropic
cytokine, regulates innate immune responses as well as cell-mediated immunity (Hong et al.,
2006). IL-10 functions in epithelial barrier repair, and a lack of or reduced production of IL-10 by
macrophages affects epithelial barrier healing in the small intestine (Morhardt et al., 2019). No
difference in IL-10 expression was observed between treatments, which could be supported by the
fact that no extra pro-inflammatory response was elicited in any of the treatment groups. Claudin
is the main component of the tight junction of the intestinal barrier (Van Itallie and Anderson,
2006). There was no difference in the expression of CLDN1 between birds that were either fed
with different diets or had different breast conditions.
Oxidative Stress
The gene expression of SOD was examined to test the broiler gut oxidative stress condition
(Figure 3). Gene expression of SOD was not different (P > 0.05) between WB and normal breast
conditions. Regarding breast condition, broilers that were fed the probiotic diet exhibited a higher
(P = 0.0180) expression of SOD as compared to birds fed the antibiotic diet, indicating that the
probiotic diet increased the secretion of antioxidants in the broilers. However, SOD is an
intracellular antioxidant that is broadly distributed in the small intestine, and its abundance
increases during intestinal development (Tang et al., 2019). The broilers' blood antioxidant
capacities were enhanced by the probiotic B. subtilis in their diets (Jiang et al., 2021). It was also
reported that oxidative stress is highly related to WB formation since biomarkers that were related
to oxidative stress have been identified in WB muscle samples (Abasht et al., 2016; Soglia et al.,
2021). However, in this study, birds with normal breast or WB did not differ in SOD gene
expression level in the gut. This unexpected finding suggested that the oxidative stress condition
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in the gut is similar in both birds with normal breasts and woody breasts. In contrast to this finding,
Bodle et al. (2018) found that antioxidant vitamin C decreased the percentage of WB that were
scored 2 and 3, which indicates that antioxidants can effectively reduce WB incidence. WB is a
multifactor myopathy that would require more comprehensive solutions in the future. Further
research should be undertaken to investigate the relationship between gut oxidative stress
conditions and WB.
Inflammation encompasses a broad range of physiological responses to a foreign organism
or stimulus, including pathogens, stress, and diseases (Dal Pont et al., 2021). The inflammationrelated genes that were detected in this study are all related to acute inflammation. However,
chronic inflammation typically happens due to infections that are not resolved either by
endogenous protection systems or through other host defense resistance mechanisms (Eaves-Pyles
et al., 2008). Thus, one limitation of the current study is a lack of validation of chronic
inflammation-related genes such as IL-6 and TNF-α. We, therefore, suggest that further studies
focus on chronic gut inflammation.
In summary, this study indicates that the WB myopathy exhibited a higher mucin-forming
gene expression than the birds with normal breasts, indicating that WB myopathy is related to gut
integrity. Moreover, dietary effects were observed on SOD gene expression, which means that
probiotic additives can alleviate the oxidative stress related to the gut of broilers.
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Tables
Table 6.1

List of primers of chicken transcripts used in RT-qPCR analysis
Transcript

Target
transcript
Glyceraldehyde3-phosphate
dehydrogenase
Gallus gallus
18S rRNA

Abbreviation

Primer
Accession No.

GAPDH

NM_204305

Chicken 18S

NC_052547.1

Interferongamma

IFN-γ

NM_205149.1

Interleukin 10

IL-10

NM_001004414.2

Toll-like
receptor 2A

TLR2A

NM_001161650.1

Claudin-1

CLDN1

NM_001013611.2

Superoxide
dismutase

SOD

Mucin 6

MUC6

NM_205064.1
XM_015286750.2

Tm
(°C)
66.2

Forward

GTGGCCATCAATGATCCCTTCATCG

Length
(nt)
25

Reverse

AACATACTCAGCACCTGCATCTGCC

25

66.2

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

CTTAGTTGGTGGAGCGATTTGTCTGG
CGCTGAGCCAGTCAGTGTAGCG
GACAAGTCAAAGCCGCACATCAAACAC
GAGTTCATTCGCGGCTTTGCGCTG
GCGGAGCTGAGGGTGAAGTTTGAGG
GGCTGATGACTGGTGCTGGTCTGC
GGACTGCAACTGCCATTTCTCAAGG
GCACTCCATCAGTGACAGCTGC
GTGTACGACTCGCTGCTTAAGCTGG
GTCATAGAAGGCCCGAGCCACTCTG
GGCTTGTCTGATGGAGATCATGGC
CCTTTGCAGTCACATTGCCGAGG
GGACAGCGTTTTGTGTTTGATGGC
CCCAAGGTAAATGCTGATGGATCTAGAGC

26
22
27
24
25
23
25
22
25
25
24
23
24
29

66.2
68.3
66.1
68.0
69.5
69.7
66.2
66.4
67.9
69.5
66.3
66.3
64.6
67.5

Orientation

Sequence (5' to 3')
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Amplicon
size (bp)

Intron

195

Yes

205

No

156

No

199

Yes

339

Yes

255

Yes

163

Yes

159

No

Figures

Figure 6.1

Expression analysis of selected gut integrity-related genes in the jejunum of
broilers on d 41

The expression changes of chicken CLDN1 (A) and MUC6 (B) were analyzed by RT-qPCR
assays after normalizing the reference gene (chicken 18S rRNA). A total of 3 biological
replicates were used in the assays. Bar graphs were displayed as the mean relative fold change ±
SEM. Statistical significance was determined by paired Student’s t-test. * P < 0.05.

125

Figure 6.2

Expression analysis of selected immune and inflammation-related genes in the
jejunum of broilers on d 41

The expression changes of chicken TLR2A (A), IFN-γ (B), and IL-10 (C) were analyzed by RTqPCR assays after normalizing the reference gene (chicken 18S rRNA). A total of 3 biological
replicates were used in the assays. Bar graphs were displayed as the mean relative fold change ±
SEM. Statistical significance was determined by paired Student’s t-test
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Figure 6.3

Expression analysis of selected oxidative stress-related gene (SOD) in the jejunum
of broilers on d 41

The RT-qPCR assays were used to analyze the expression change of chicken SOD gene by using
chicken 18S rRNA as a reference gene for normalization. A total of 3 biological replicates were
used in the assays. Bar graph was displayed as the mean relative fold change ± SEM. Statistical
significance was determined by paired Student’s t-test. * P < 0.05

127

References
Abasht, B., M. F. Mutryn, R. D. Michalek, and W. R. Lee. 2016. Oxidative stress and metabolic
perturbations in wooden breast disorder in chickens. PLoS One 11:e0153750. doi
10.1371/journal.pone.0153750
Aliakbarpour, H. R., M. Chamani, G. Rahimi, A. A. Sadeghi, and D. Qujeq. 2012. The Bacillus
subtilis and lactic acid bacteria probiotics influences intestinal mucin gene expression,
histomorphology and growth performance in broilers. Asian-Australas J Anim Sci 25:12851293. doi 10.5713/ajas.2012.12110
Befus, A. D., N. Johnston, G. Leslie, and J. Bienenstock. 1980. Gut-associated lymphoid tissue in
the chicken. I. Morphology, ontogeny, and some functional characteristics of Peyer's patches.
J Immunol 125:2626-2632.
Bodle, B. C., C. Alvarado, R. B. Shirley, Y. Mercier, and J. T. Lee. 2018. Evaluation of different
dietary alterations in their ability to mitigate the incidence and severity of woody breast and
white striping in commercial male broilers. Poult Sci 97:3298-3310. doi 10.3382/ps/pey166
Clemente, J. C., L. K. Ursell, L. W. Parfrey, and R. Knight. 2012. The impact of the gut microbiota
on human health: an integrative view. Cell 148:1258-1270.
Conlon, M., and A. Bird. 2014. The impact of diet and lifestyle on gut microbiota and human
health. Nutrients 7, 17–44.
Cruz, R. F., S. L. Vieira, L. Kindlein, M. Kipper, H. S. Cemin, and S. M. Rauber. 2017. Occurrence
of white striping and wooden breast in broilers fed grower and finisher diets with increasing
lysine levels. Poult Sci 96:501-510. doi 10.3382/ps/pew310
Diaz Carrasco, J. M., N. A. Casanova, and M. E. Fernández Miyakawa. 2019. Microbiota, gut
health and chicken productivity: what is the connection? Microorganisms 7:374. doi
10.3390/microorganisms7100374
Du, E., W. Wang, L. Gan, Z. Li, S. Guo, and Y. Guo. 2016. Effects of thymol and carvacrol
supplementation on intestinal integrity and immune responses of broiler chickens challenged
with Clostridium perfringens. J Anim Sci Biotechnol 7:1-10.
Eaves-Pyles, T., C. A. Allen, J. Taormina, A. Swidsinski, C. B. Tutt, G. E. Jezek, M. Islas-Islas,
and A. G. Torres. 2008. Escherichia coli isolated from a Crohn's disease patient adheres,
invades, and induces inflammatory responses in polarized intestinal epithelial cells. Int J Med
Microbiol 298:397-409. doi 10.1016/j.ijmm.2007.05.011
Emami, N. K., R. N. Cauble, A. E. Dhamad, E. S. Greene, C. S. Coy, S. G. Velleman, S. Orlowski,
N. Anthony, M. Bedford, and S. Dridi. 2021. Hypoxia further exacerbates woody breast
myopathy in broilers via alteration of satellite cell fate. Poult Sci 100:101167. doi
10.1016/j.psj.2021.101167
128

Fenimore, J., and A. Y. H. 2016. Regulation of IFN-γ Expression. Adv Exp Med Biol 941:1-19.
doi 10.1007/978-94-024-0921-5_1
Gadde, U., S. T. Oh, Y. S. Lee, E. Davis, N. Zimmerman, T. Rehberger, and H. S. Lillehoj. 2017.
The effects of direct-fed microbial supplementation, as an alternative to antibiotics, on growth
performance, intestinal immune status, and epithelial barrier gene expression in broiler
chickens. Probiotics Antimicrob Proteins 9:397-405. doi 10.1007/s12602-017-9275-9
Hong, Y. H., H. S. Lillehoj, E. P. Lillehoj, and S. H. Lee. 2006. Changes in immune-related gene
expression and intestinal lymphocyte subpopulations following Eimeria maxima infection of
chickens. Vet Immunol Immunopathol 114:259-272. doi 10.1016/j.vetimm.2006.08.006
Hughes, R. 2005. An integrated approach to understanding gut function and gut health of chickens.
Asia Pac J Clin Nutr 14:S27-S27.
Jia, L., X. Zhang, X. Li, W. Schilling, E. David Peebles, A. S. Kiess, W. Zhai, and L. Zhang. 2021.
Bacitracin, Bacillus subtilis, and Eimeria spp. challenge exacerbates woody breast incidence
and severity in broilers. Poult. Sci.:101512. doi https://doi.org/10.1016/j.psj.2021.101512
Jiang, S., F. F. Yan, J. Y. Hu, A. Mohammed, and H. W. Cheng. 2021. Bacillus subtilis-Based
probiotic improves skeletal health and immunity in broiler chickens exposed to heat stress.
Animals (Basel) 11. doi 10.3390/ani11061494
Jungi, T. W., K. Farhat, I. A. Burgener, and D. Werling. 2011. Toll-like receptors in domestic
animals. Cell Tissue Res 343:107-120. doi 10.1007/s00441-010-1047-8
Keestra, A. M., M. R. de Zoete, R. A. van Aubel, and J. P. van Putten. 2007. The central leucinerich repeat region of chicken TLR16 dictates unique ligand specificity and species-specific
interaction with TLR2. J Immunol 178:7110-7119. doi 10.4049/jimmunol.178.11.7110
Kim, Y. S., and S. B. Ho. 2010. Intestinal goblet cells and mucins in health and disease: recent
insights and progress. Curr Gastroenterol Rep 12:319-330. doi 10.1007/s11894-010-0131-2
Kumar, H., T. Kawai, and S. Akira. 2011. Pathogen recognition by the innate immune system. Int
Rev Immunol 30:16-34. doi 10.3109/08830185.2010.529976
Kuttappan, V. A., B. M. Hargis, and C. M. Owens. 2016. White striping and woody breast
myopathies in the modern poultry industry: a review. Poult Sci 95:2724-2733. doi
10.3382/ps/pew216
Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:402-408. doi
10.1006/meth.2001.1262
Livingston, M. L., P. R. Ferket, J. Brake, and K. A. Livingston. 2019a. Dietary amino acids under
hypoxic conditions exacerbates muscle myopathies including wooden breast and white
stripping. Poult Sci 98:1517-1527. doi 10.3382/ps/pey463
129

Livingston, M. L., C. D. Landon, H. J. Barnes, J. Brake, and K. A. Livingston. 2019b. Dietary
potassium and available phosphorous on broiler growth performance, carcass characteristics,
and wooden breast. Poult Sci 98:2813-2822. doi 10.3382/ps/pez015
Mack, D. R., S. Ahrne, L. Hyde, S. Wei, and M. A. Hollingsworth. 2003. Extracellular MUC3
mucin secretion follows adherence of Lactobacillus strains to intestinal epithelial cells in vitro.
Gut 52:827-833. doi 10.1136/gut.52.6.827
Marchesi, J. R., D. H. Adams, F. Fava, G. D. Hermes, G. M. Hirschfield, G. Hold, M. N. Quraishi,
J. Kinross, H. Smidt, and K. M. Tuohy. 2016. The gut microbiota and host health: a new
clinical frontier. Gut 65:330-339.
McGuckin, M. A., S. K. Lindén, P. Sutton, and T. H. Florin. 2011. Mucin dynamics and enteric
pathogens. Nat Rev Microbiol 9:265-278. doi 10.1038/nrmicro2538
Meloche, K. J., B. I. Fancher, D. A. Emmerson, S. F. Bilgili, and W. A. Dozier, 3rd. 2018. Effects
of reduced dietary energy and amino acid density on Pectoralis major myopathies in broiler
chickens at 36 and 49 days of age1. Poult Sci 97:1794-1807. doi 10.3382/ps/pex454
Morhardt, T. L., A. Hayashi, T. Ochi, M. Quirós, S. Kitamoto, H. Nagao-Kitamoto, P. Kuffa, K.
Atarashi, K. Honda, J. Y. Kao, A. Nusrat, and N. Kamada. 2019. IL-10 produced by
macrophages regulates epithelial integrity in the small intestine. Sci Rep 9:1223. doi
10.1038/s41598-018-38125-x
Mutryn, M. F., E. M. Brannick, W. Fu, W. R. Lee, and B. Abasht. 2015. Characterization of a
novel chicken muscle disorder through differential gene expression and pathway analysis using
RNA-sequencing. BMC Genomics 16:399. doi 10.1186/s12864-015-1623-0
Placha, I., J. Takacova, M. Ryzner, K. Cobanova, A. Laukova, V. Strompfova, K. Venglovska,
and S. Faix. 2014. Effect of thyme essential oil and selenium on intestine integrity and
antioxidant status of broilers. Br Poult Sci 55:105-114.
Shi, N., N. Li, X. Duan, and H. Niu. 2017. Interaction between the gut microbiome and mucosal
immune system. Mil Med Res 4:1-7.
Sihvo, H. K., K. Immonen, and E. Puolanne. 2014. Myodegeneration with fibrosis and
regeneration in the pectoralis major muscle of broilers. Vet Pathol 51:619-623. doi
10.1177/0300985813497488
Soglia, F., M. Petracci, R. Davoli, and M. Zappaterra. 2021. A critical review of the mechanisms
involved in the occurrence of growth-related abnormalities affecting broiler chicken breast
muscles. Poult Sci 100:101180. doi 10.1016/j.psj.2021.101180
Tang, D., J. Wu, H. Jiao, X. Wang, J. Zhao, and H. Lin. 2019. The development of antioxidant
system in the intestinal tract of broiler chickens. Poult Sci 98:664-678. doi 10.3382/ps/pey415

130

Tsirtsikos, P., K. Fegeros, C. Balaskas, A. Kominakis, and K. C. Mountzouris. 2012. Dietary
probiotic inclusion level modulates intestinal mucin composition and mucosal morphology in
broilers. Poult Sci 91:1860-1868. doi 10.3382/ps.2011-02005
Utech, M., A. I. Ivanov, S. N. Samarin, M. Bruewer, J. R. Turner, R. J. Mrsny, C. A. Parkos, and
A. Nusrat. 2005. Mechanism of IFN-gamma-induced endocytosis of tight junction proteins:
myosin II-dependent vacuolarization of the apical plasma membrane. Mol Biol Cell 16:50405052. doi 10.1091/mbc.e05-03-0193
Van Itallie, C. M., and J. M. Anderson. 2006. Claudins and epithelial paracellular transport. Annu
Rev Physiol 68:403-429. doi 10.1146/annurev.physiol.68.040104.131404
Yegani, M., and D. Korver. 2008. Factors affecting intestinal health in poultry. Poult Sci 87:20522063.
Zambonelli, P., M. Zappaterra, F. Soglia, M. Petracci, F. Sirri, C. Cavani, and R. Davoli. 2016.
Detection of differentially expressed genes in broiler pectoralis major muscle affected by
White Striping - Wooden Breast myopathies. Poult Sci 95:2771-2785. doi 10.3382/ps/pew268
Zampiga, M., F. Soglia, M. Petracci, A. Meluzzi, and F. Sirri. 2019. Effect of different arginineto-lysine ratios in broiler chicken diets on the occurrence of breast myopathies and meat quality
attributes. Poult Sci 98:2691-2697. doi 10.3382/ps/pey608
Zhang, B., X. Zhang, M. W. Schilling, X. Li, G. T. Tabler, E. D. Peebles, and W. Zhai. 2021a.
Effects of broiler genetic strain and dietary amino acid reduction on meat yield and quality
(part II). Poult Sci 100:101033. doi 10.1016/j.psj.2021.101033
Zhang, X., K. V. To, T. R. Jarvis, Y. L. Campbell, J. D. Hendrix, S. P. Suman, S. Li, D. S.
Antonelo, W. Zhai, J. Chen, H. Zhu, and M. W. Schilling. 2021b. Broiler genetics influences
proteome profiles of normal and woody breast muscle. Poult Sci 100:100994. doi
10.1016/j.psj.2021.01.017

131

CHAPTER VII
CONCLUSION
The objectives of this study were to determine the molecular, somatic, and performance
characteristics of broilers exhibiting WB myopathy, and the effects of dietary and challenge
intervention strategies on the incidence of WB in poultry meat. First, an antibiotic diet, probiotic
diet, and a cocci challenge were used to treat the commercial broilers to test for their impacts on
the development of WB incidence. Results indicated that compared to the control diet, the
supplementation of bacitracin and Bacillus subtilis increased WB incidence in both male and
female commercial broilers, and that the cocci challenge also increased WB incidence. Further
results showed that these intervention strategies play a different role on broiler growth rate, in
which an antibiotic in the diet increased the growth rate in the early post hatch phase. However,
the probiotic diet did not affect growth rate throughout the trial. In contrast, the cocci challenge
decreased growth rate during the early growth phase, but then increased growth rate during the
late growth phase. It was concluded that WB myopathy was primarily related to growth rate and
body weight. A second objective in this study was to evaluate internal organ and skeletal muscle
development in commercial broilers with the WB myopathy. In that effort, the absolute and
relative weights of the internal organs and skeletal muscle were measured in birds with normal and
woody breasts. Results indicated that broilers with WB had lower relative proventriculus and
gizzard weights. They also had greater relative breast meat weight due to lower relative drumstick,
thigh, and wing muscle weights. This data revealed that broilers with WB myopathy may
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experience digestion and mobility issues. Thirdly, in this study, an experiment was conducted to
depict the gut microbiota in broilers with WB myopathy and that were supplemented with
bacitracin and Bacillus subtilis in response to an Eimeria spp. challenge. Results indicated that a
cocci challenge is the main factor that affects gut microbiota. One unknown species that belongs
to the Clostridiales genus was significantly reduced in the WB group. However, when comparing
the gut microbiota composition within each treatment, no differences were observed between birds
with NB and WB. This result indicates that there was no strong link between gut microbiota
populations and WB incidence in this study. Lastly, the expression of genes in the mucus of the
jejunum was evaluated to determine their roles in the occurrence of WB myopathy in broilers. The
results showed that birds with WB exhibited a higher expression of the mucin-forming gene in the
jejunum than did birds with normal breasts. Similar to birds fed control diets, birds fed probiotic
diets didn’t experience an alleviation of the expression of this gene. This would indicate that the
probiotic diet didn’t effectively alleviate WB incidence in broilers by reducing MUC6 gene
expression.
To date, limited research has focused on the gut health and organ and muscle development
of broilers with WB myopathy. In this study, both dietary antibiotic and probiotic supplements
increased the incidence of WB. The results indicate that these dietary treatments may play a role
in manipulating the microbiota of the gut and may have a partial role in enhancing overall organ
and muscle growth by promoting gut health, but conversely promote the development of WB
myopathy in breast muscles. Further findings indicated that GI tract development and breast
muscle development are associated with the development of WB, which suggests that although an
increase in the growth rate of broilers occurs in response to increased GI tract absorptive function,
an accelerated growth rate may lead to increased WB incidence in rapidly developing breast
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muscle. The cocci challenge exerted the largest impact on gut microbiota composition. The results
of gene expression in the jejunum indicated that broilers with WB may secrete more mucus, which
may cause an environmental imbalance in the gut. However, the probiotic diet didn’t alleviate the
secretion of mucus. Limited research has been conducted to investigate the relationship between
gut health and the development of WB. Therefore, although this research has provided new
knowledge and essential datasets on the etiology of WB myopathy, further research is required to
determine the relationship between gut health and WB incidence, and to determine effective
intervention strategies to combat WB in broilers.
Given the results mentioned above, we suggest that the focus of future research should be
in two directions. First, that diet formulation and nutritional supplementation be used as primary
means by which to effectively abate the development of WB. In this study, the use of an antibiotic
did not alleviate WB incidence but rather increased its incidence. This may have perhaps been due
to its stimulation of increased growth performance at the earlier age. A probiotic also did not
alleviate WB incidence. This might have been due to its limited effect on the gut microbiota of the
bird and the expression of the WB-related gene (MUC6). Future studies should be conducted to
extend knowledge as to how nutritional supplementation can modulate the digestion system and
assist in the formulation of diets for industrial applications to enhance the breast health of broilers.
There is a definite relationship between gut health and WB development, but the molecular
mechanisms behind this association are still unknown. Future research should focus on the
molecular mechanisms leading to WB formation on birds with different gut health conditions.
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